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Abstract 
Life Cycle Assessment (LCA) is one of the most widely used tools to determine the environmental impact 
of products and processes. One of the main concerns with LCA is the limited comparability of the results 
due to limitations in defining the functional unit. This affects goal and scope definition of the LCA 
studies. A result, an object-oriented framework for LCA that integrates functional analysis and systems 
engineering principles was developed. In this research a cumulative damage function (CDF) to quantify 
the life of components, subsystems and components was defined. However, the development of the 
methodology and underlying principles to develop the CDF was left for future work. The purpose of this 
thesis is to develop a framework to quantify CDF using the concepts of Remaining Useful Life (RUL), 
reliability analysis and failure analysis so that it can be easily integrated into the object-oriented LCA 
framework. This thesis will present a 5-step methodology to quantify the CDF and demonstrate its use 
and effectiveness by implementing it on a manual can opener and a coffee maker as examples of product 
systems. 
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1. Background 
1.1 Life Cycle Assessment 
 Environmental awareness at many companies has increased and they have responded by developing 
environmentally friendly products and incorporating ecofriendly processes. These companies assess the 
impact of their products and processes on the environment in an attempt to minimize these impacts and 
one of the tools widely used by companies for environmental assessment is Life Cycle Assessment  
(Curran 2006). 
Life Cycle Assessment ‘studies the environmental aspects and potential impacts throughout a product’s 
life (i.e. cradle-to-grave) from raw material acquisition through production, use and disposal (see Figure 
1). The general categories of environmental impacts needing consideration include resource use, human 
health, and ecological consequences (ISO 14040 2006). Curran (2006) highlighted some of the strengths 
of the Life Cycle Assessment framework which include:  
1. It is a comprehensive assessment tool 
2. Highlights potential trade offs 
3. Provides a structure to the investigation 
4. Can challenge conventional wisdom 
5. Advances the knowledge base 
6. Fosters communication and disclosure 
RAW MATERIAL 
ACQUISITION
RA  ATERIAL 
AC ISITI MANUFACTURING
A FACT RI USE/MAINTENANCESE/ AI TE A CE RECYCLERECYCLE END OF LIFEE  F LIFE
 
Figure 1: Life Cycle Stages 
Life Cycle Assessment framework, as defined by the ISO framework is given below (ISO 14040 2006) 
The standard phases of a Life-Cycle assessment are summarized below (ISO 14040 2006): 
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1. Goal Definition and Scoping - Define and describe the product, process or activity. Establish the 
context in which the assessment is to be made and identify the boundaries and environmental 
effects to be reviewed for the assessment. 
2.  Inventory Analysis - Identify and quantify energy, water and materials usage and environmental 
releases (e.g., air emissions, solid waste disposal, waste water discharges). 
3.  Impact Assessment - Assess the potential human and ecological effects of energy, water, and 
material usage and the environmental releases identified in the inventory analysis. 
4.  Interpretation - Evaluate the results of the inventory analysis and impact assessment to select the 
preferred product, process or service with a clear understanding of the uncertainty and the 
assumptions used to generate the results. 
Another important aspect of LCA is that it is considered to be relative in nature since the assessment is 
based on a functional unit and results are presented in a comparative way (ISO 14040 2006). The standard 
states that the primary purpose of a functional unit is to provide a reference, and, therefore ensure 
comparability of LCA results. However, as shown by (Fumagalli, et al., 2012) comparing LCA studies is 
difficult due to the lack of standardized assumptions and practices including the definition of functional 
unit. In their work, they have proposed a method to integrate systems engineering and functional analysis 
concepts to the goal and scope definition of Life Cycle Assessment phase to define the system, system 
boundary and reference flows. The advantage of the method developed by (Fumagalli et al. 2012) 
includes improved comparability of LCA,  dynamic updating of LCA and its integration with early stage 
product development. 
Fumagalli (2012) describes various issues related to LCA and states that the functional unit definition and 
boundary selection are one of the most critical issues in the early stages of LCA as they form the base of 
the study. This same work further highlights that the current ISO norms do not provide any guidance in 
defining the functional unit which results in large variability in the LCA studies and hence difficulty in 
comparability of LCA studies. 
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As a response, Fumagalli (2012) proposed the use of functional modelling as a powerful tool to 
functionally decompose a product in order to understand the product in an abstract manner without the 
need to define the product structure.  According to Stone & Wood (2000) a function is represented as a 
verb-object pair where the object represents the reference flow. There are three types of reference flows 
considered in the functional decomposition namely, material flow, energy flow and information flow. ISO 
14040 identifies the importance of defining the flows to ensure comparability of LCA’s(ISO 14040, 
2006). Fumagalli (2012) points out that the identification of the reference flows establishes the link 
between LCA and functional analysis.  The initial feasibility of this approach was illustrated through 
examples using black box model abstractions of classes of systems (Fumagalli 2012). One of the 
advantages of this approach is that the user behavior is external to the system thus decoupling the use 
behavior and functional unit which will lead to a structured approach to develop LCA.  
One of the issues that arose while implementing the framework described above, was related to the 
allocation of reference flows during the inventory phase of the LCA.  This resulted in defining of a 
Cumulative Damage Function (CDF),  which represents the usage profile and wear of the system under 
study and depends on the use variables (Fumagalli 2012). Thus CDF is an important concept which helps 
to establish the relationship between LCA and  functional analysis in order to establish the proper 
allocation of the flows. It is important that the reference flows (which represent the material and energy 
transformations in the system) that are identified are abstract enough so that they are independent of the 
system architecture and that they can be scaled relative to the user behavior (Fumagalli 2012). 
As previously stated, one of the important contributions of the framework described above was to 
decouple user behavior from the definition of the functional unit. The advantage of defining use phase 
boundaries, reference flows and scalable parameters is that it will enable the development of an object-
oriented LCA framework. However, an important supporting concept is that of CDF which was not fully 
developed in the aforementioned framework.  In the following section, the concept of CDF is described 
more fully.  
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1.2 Cumulative Damage Function 
The Cumulative Damage Function is a function of usage parameters and it represents portion of the ‘life’ 
of a product, subsystem or product that is consumed based on these usage parameters (Fumagalli 2012). 
The CDF is ultimately based on the technology employed to implement the system and the system 
architecture. The form of this function can be established by using various traditional tests like 
accelerated life tests, endurance tests, and reliability tests. The input parameters for the CDF are the user 
parameters which are developed based on the functional analysis of the system. This helps to ensure that 
these user parameters are independent of the technology used for implementation, which enables better 
comparability of the LCA results. 
The CDF is used to relate the use scenarios with the consumed life of the product and can be used to 
calculate the life cycle inventory based on the reference flows identified in the functional decomposition. 
One of the advantages of having a CDF is that it can be used for comparing different technologies used 
for implementing same function. It can be used to identify all of the workflows associated with the given 
system. 
The CDF is mathematically defined as: 
𝐶𝐷𝐹 =
𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑙𝑖𝑓𝑒
𝐿𝑖𝑚𝑖𝑡(𝐿𝑓 , 𝐿𝑜𝑏𝑠, 𝐿𝑛𝑒𝑒𝑑)
                              (1) 
𝐶𝐷𝐹: 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐵𝑂𝑀 𝑡𝑜 𝑏𝑒 𝑞𝑢𝑎𝑛𝑡𝑖𝑓𝑖𝑒𝑑 𝑓𝑜𝑟 𝐿𝐶𝐴 
𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑙𝑖𝑓𝑒: 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑢𝑠𝑒𝑟 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 
𝐿𝑓: 𝐿𝑖𝑚𝑖𝑡 𝑑𝑢𝑒 𝑡𝑜 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 
𝐿𝑜𝑏𝑠: 𝐿𝑖𝑚𝑖𝑡 𝑑𝑢𝑒 𝑡𝑜 𝑜𝑏𝑠𝑜𝑙𝑒𝑐𝑒𝑛𝑠𝑒 
𝐿𝑛𝑒𝑒𝑑: 𝐿𝑖𝑚𝑖𝑡 𝑑𝑢𝑒 𝑡𝑜 𝑙𝑎𝑐𝑘 𝑜𝑓 𝑛𝑒𝑒𝑑 𝑜𝑓  𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 
In this function, numerator represents the amount of life consumed for the given system and it depends on 
the user behavior, usage environment etc.  The denominator represents the limit of the product/system 
under use. The ‘Limit’ can be understood as the end of life of a product or a system and it could be due to 
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a failure in the product, obsolescence of the technology in use or simply that there is no need of the 
product anymore. Thus the CDF represents the amount of bill of material to be quantified for the 
inventory phase of the LCA for the given user scenarios.  
While the work described above illustrated the concept of CDF through an example, the rigorous 
definition of the CDF was left for future work (Fumagalli 2012).In addition, problems associated with 
developing the CDF are not discussed nor are the limitations associated with its use. Thus there is a need 
to develop a framework and guidelines to standardize the development and the use of the CDF so that it 
can be integrated with the object-oriented LCA framework.  In this thesis, a standardized framework to 
calculate the cumulative damage function will be developed.  In addition, its integration into an objected-
oriented framework will be illustrated though a detailed case study. 
The remainder of this thesis is organized in the following manner: Chapter 2 will present the literature 
review which will describe related concepts that will help to develop the CDF framework described in 
this thesis.  Chapter 3 will formally define the thesis goals and objectives.  Chapter 4 will describe the 
development of the framework.  Chapter 5 will illustrate the framework on a detailed product example.  
Chapter 6 will present conclusions and opportunities for future work. 
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2. Literature Review 
Literature Review 
This chapter will review the literature on the integration of reliability modelling with Life Cycle 
Assessment, functional analysis techniques and the concepts of Remaining Useful Life, including its 
application in the fields of remanufacturing and electronics. 
2.1 Reliability 
Reliability is defined as the probability that a product will operate or a service will be provided properly 
for  a  specified  period  of  time  (design  life)  under  the  designed  operating  conditions  (such  as 
temperature, load, volt ) without failure(Elsayed 2012).  
Some of the fundamental concepts in reliability are related to failure rates, failure density functions and 
the reliability survival functions. The relationship between these three functions is given by the following 
equation;                                                                                                                                                                                  
𝜆(𝑡) =
𝑓(𝑡)
𝑅(𝑡)
                    (2) 
Where 𝜆(𝑡) is the failure rate 
              f(t) is the number of failures 
              R(t) is the survival probability 
 t is time  
The failure rate can be interpreted as a measure of the risk that the part will fail if it has survived to up 
until time t. The failure rate always results in the characteristics curve which resembles a bath tub curve 
(Bernd 2008). A typical bathtub curve is shown in Figure 2. The bathtub curve shown below is divided in 
three regions: the first part is related to early failures where failure rate is high but reducing; in the middle 
section the failure rate stabilizes, this region is called random failures; and finally in the wear out region 
the failure rate goes up as the components are worn out.  This concept of a bath tub curve can have some 
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impact on the remaining useful life of the product. As the region in which the product is being operated 
can introduce some uncertainty in the RUL calculations, however for this phase of the research, 
uncertainty is not being considered 
 
Figure 2: Typical Bathtub Curve (adapted from (Bernd, 2008)) 
Reliability analysis can also be carried out either quantitatively or qualitatively. According to (Bernd 
2008), the Weibull distribution is the most commonly used lifetime distribution to determine the 
reliability of the products.  
2.2 Remaining Useful Life 
Remaining useful life (RUL) is the useful life left on an asset at a particular time of operation. RUL is 
generally random and unknown and must be estimated from the information that is collected using 
prognostics and health management. Recently, due to increased emphasis on the cost of maintenance and 
product replacement, greater emphasis has been put on estimating the RUL of the system so that 
appropriate life cycle decisions can be considered. However, there is no single best method to achieve the 
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estimate for remaining useful life but several different statistical and physics of failure based methods 
have been developed to support different types of products. Statistical data-driven models are appropriate 
when the physical laws of the system in operation are not known. The classical data-driven models 
include the use of stochastic models such as the autoregressive (AR) model and the multivariate adaptive 
regression splines. Recently, there has been more interest in neural networks (NNs) and neural fuzzy (NF) 
systems have been developed. Different Dynamic Bayesian networks models have also been used for 
prognostics.(Mosallam et al., 2013). 
(Sikorska et al., 2011) have classified RUL prediction methodologies into knowledge based models, life 
expectancy models, artificial neural network models and physical models as shown in Figure 3 (adapted 
from Sikorska et al., (2011). As one moves from the knowledge based models to physical models the 
complexity of the models increase. Knowledge based models can be further classified into fixed or fuzzy 
models. Life expectancy models can be further classified into stochastic models, which are further 
classified into Bayesian network models, Markov models, hidden Markov models, Kalman filters and 
particle filters. Life expectancy models are further classified into Statistical models which could be 
prognostics and health management models or regression models.  
Remaining 
Useful life
Model Based
Knowledge 
Based
Analytical 
Based
Hybrid Based
 
Figure 3: RUL Classification 
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A systematic review of the literature on methods to estimate the RUL of assets  showed that the RUL of 
an asset depends on the current age of the asset, the operating environment and the observed condition 
monitoring or the health information (X. S. Si et al., 2011). Mathematically, Xt is the random variable for 
RUL at time t, then the PDF of Xt, is dependent on Yt, which is the operational history of the system. 
Thus, 𝑓(𝑋𝑡|𝑌𝑡) is the RUL unless Yt is not known and then RUL is simply F(Xt+t)/R (t), where R(t) is 
the survival probability based on the failure rate(X. S. Si et al., 2011). 
The statistical data based approaches mentioned before determine the RUL by fitting data to the model 
without considering the underlying physical models for failure. In order to use statistical models there are 
two types of data sets available. The first type is the event data associated with the failure data and the 
condition monitoring data, which is a real-time monitoring of the asset under use for any changes in the 
operational conditions and parameters. According to RUL, statistical models are classified into two 
categories, those based on direct state monitoring and those which rely on indirect state monitoring.  
Regression, Wiener and Gamma based processes are continuous processes while Markovian models are 
based on the discrete processes. These process will not be discussed in detail here but these processes are 
discussed in (X. S. Si, et al., 2011). (X. S. Si, et al., 2011) give a general overview of various statistical 
approaches available to estimate RUL. However, there are several other approaches which can be used to 
estimate the RUL, based on factors such as the applications or the product itself. 
Classification of RUL methodologies has also been done on the basis of the application industry 
(Sikorska et al., 2011). (Sikorska et al., 2011) discuss the pros and cons of various methodologies 
including Artificial Neural networks as an approach for determining the RUL. Artificial Neural Networks 
(ANN) compute an estimated output for the RUL of the component from a mathematical representation of 
the system derived from the observed data. These methods are very useful for non-linear processes. 
According to (Sikorska et al. 2011) there are two types of networks, either feed forward or dynamic 
networks and both can be used to calculate the RUL.  Feed forward networks are also known as static 
networks and are widely used for determining the RUL. However, to use these networks it is necessary to 
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have some knowledge of the actual system. One of the limitations of using ANN is that it requires an 
extensive training data set to train the network and this means that accurate results for the training data 
sets need to be available so that the synaptic weights can be assigned to the networks so that the network 
can be used to estimate the RUL in the future.  Constructing an appropriate model is a trial and error 
approach and requires extensive data and time.(Sikorska et al., 2011). 
Another approach used widely to calculate the RUL is to use degradation data. One of the methods  
developed by (X.-S. Si et al. 2012) is based on non-linearity in the degradation process. This process 
gives better results in terms of the accuracy of the RUL. A key idea behind this approach is that the 
lifetime can be defined as the First Hitting Time (FHT) of the degradation process reaching the threshold 
value (beyond which the system fails) and the PDF of RUL is modelled as a PDF of the FHT. But there is 
no closed form solution for non-linear degradation processes and hence an analytical approximation is 
developed for the distribution of FHT. Parameters for the degradation process are estimated using a 
Maximum Likelihood Estimator and goodness of fit testing is used to determine the model fit. This model 
gives a better fit if the degradation process is non-linear.  
Another approach developed by Su & Jiang (2009) also uses degradation data to calculate RUL. They use 
degradation amplitude to model the product life. Based on the degradation amplitude size different 
distributions can be fit and goodness of fit is used to determine the appropriate distribution. This 
methodology is applied to GaAs (Gallium Arsenide) Laser to determine the usefulness of this method. 
This method is similar to determining the MTTF using a Weibull or Gaussian distribution. This method 
may be useful to determine the CDF, but a problem may be faced when collecting the degradation data.  
There are some other approaches which can be used to calculate the RUL. For example,  a Bayesian 
approach is widely used to calculate RUL (Mosallam et al., 2013). In (Mosallam et al., 2013), an 
approach for data driven prognostics is presented. The approach starts by building an offline trends 
database extracted from multidimensional datasets. These trends are later grouped according to their EOL 
criteria. Then, in the second stage the online data are estimated using a Bayesian method.  This method 
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may be better suited to the objectives of this thesis, however, this method does not consider the 
environmental conditions in which the products operate. This method may not be suitable to develop a 
simulation model to calculate the RUL to develop a CDF.  
In addition to the methods discussed above there are several approaches, which have been developed 
based on the product or applications. One such approach is considered by (Okoh et al, 2014) in which the 
prediction of catastrophic failure events plays a critical role through the life of engineering services and 
RUL is used to predict the life span of the product to prevent such a catastrophic event. According to the 
authors, RUL models can be classified as; 
(Okoh et al, 2014) focus on RUL techniques for gas turbine components. They identify various 
degradation mechanisms and then map them with corresponding RUL techniques to identify appropriate 
RUL methods. The authors identify wear, corrosion, deformation and fracture as important degradation 
mechanisms in gas turbines. The important degradation mechanisms present in the product are mapped to 
suitable RUL methods but no specific methods to calculate RUL are developed. They do suggest a 
methodology for prognostics and health management. 
Another approach is developed by Mathew et al. (2008) for the prognostics of electronic products is based 
on Failure Modes, Mechanisms and Effects Analysis (FMMEA). However, in order to implement this 
method it is necessary that the users know the underlying failure modes and models of the product in 
order to develop the canary devices (i.e. early warning systems) which give the precursor information of 
the failure. This approach is similar to the one developed by Okoh et al. (2014). This work also does not 
consider the life cycle environment of the products.  
Smith et al., (2002) do consider the life-cycle environment by life cycle consumption monitoring of the 
product. A recorder is used to monitor temperature, shocks, and vibrations on a printed circuit board 
placed in the car engine. This data is then compared to the physics of failure model in order to determine 
the damage accumulation in solder joints due to temperature and vibration loads. The RUL of the solder 
joints is then estimated from the damage accumulation.  The data collected is analyzed and then using 
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Palmgren-Miners rule the accumulated damage is calculated. In this paper, Physics of Failure models are 
used to calculate the number of cycles to failure under the given operating conditions. Based on the 
actually accumulated damage calculated from the Miners equation, remaining useful life can be 
estimated. This approach, though developed for electronic products can be used on any other system. 
However, there is a need to know the underlying failure modes in order to determine the threshold levels 
(beyond which the systems fail) to calculate the RUL for the system.  
There are some RUL approaches that have been developed for the product take back decisions. One such 
approach is developed by Vichare et al. (2004). They use life consumption of the products to determine 
the product take back decisions. Life Cycle Monitoring (LCM) is a method of monitoring parameters 
indicative of the systems life cycle health and it converts the collected data into an estimate of the life 
consumed. This involves continuous monitoring of the product and integrating it with Physics of Failure 
models to determine the life consumed. The approach developed by the authors is similar to the one 
developed by Smith et al. (2002) but on a different application.  
Le Son et al. (2013) developed an approach using Wiener processes combined with principal component 
analysis to estimate the RUL. The advantages of using this approach are that it is a probabilistic approach 
and it gives better indication of degradation. However, this method may be overly complicated for what 
the goals of this thesis are.  
In addition to works discussed so far, there is some research where the concept of the RUL is used to 
determine the optimal life time products for take back, remanufacture and recycling. Kara et al. (2008) 
developed a methodology to determine the products useful life during the design stage itself using product 
failure mechanisms and their associated critical lifetime prediction parameters. Their objective was to 
develop a methodology which would help to assess product useful life, which in turn would help to 
develop sustainable products as this would minimize resource consumption based on the end of life 
strategy. Their approach entailed: (1) Clustering products in groups based on their failure mechanisms 
and lifetime prediction parameters; (2) Developing lifetime prediction models for each cluster; (3) 
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Assessing products based on the design parameters and expected design life. The methodology was 
applied to six different electric motors and a gear box. Initially data was collected for the failure 
percentages of each component from an engineering company. Based on this data, products were 
clustered in groups using Group Technology and Hierarchical Clustering. After the critical design 
parameters for each component were identified, the time to failure data for the electric motors and the 
gearbox were collected by observing number of failure per year. These observations were used to develop 
lifetime prediction equations using linear regression analysis. However the drawback of this method is 
that it is necessary to have a large initial data set. A similar methodology was developed by Kara et al. 
(2005) to determine the reuse potential of products.  
Rugrungruang et al. (2007) deals with product reuse based on technology and product lifecycles. The 
remaining physical life of the product is calculated as a difference between the physical life of the product 
and the usage life of the product. The physical life of the product is calculated from MTTF of the product. 
The usage life of the product is calculated based on the usage intensity of the product. Using a usage 
survey, data is collected from users, which is statistically analyzed to determine frequency and duration 
that the product (in this case a Television) spends in active mode. Simulation models are then used to 
determine the MTTF of the products. One of the drawbacks of this approach is the failure to consider the 
usage environment and various user parameters to calculate the usage of the product.  
Based on the literature review, it is reasonable to conclude that the RUL methods available are based on 
degradation mechanisms, condition monitoring, and statistical analysis. However, some of these methods 
may not be as useful as the amount of data available may be limited, and extensive testing of the products 
may not be feasible. Some of the methods that have been reviewed have very specific applications, like 
electronic products. Most of the methods that have been reviewed require extensive data and are also 
fairly complicated to implement. The following summarizes the main conclusions from the literature 
review; 
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1. RUL consists of two main parts data acquisition and data analysis. 
2. Data analysis can be based on any of the following methods 
a. Trending and degradation curves 
b. Covariate models 
c. Space state methods ( Markov chains, gamma based state space models) 
d. Artificial intelligence 
3. Data monitoring can be based on the multiple sensors that are embedded in the product which 
continuously gather the data. Various parameters that can be monitored are: 
a. Vibration monitoring 
b. Acoustic monitoring 
c. Acoustic emission and ultrasonic monitoring 
d. Oil and wear debris monitoring 
e. Ferrography monitoring 
f. Thermography monitoring 
g. Environmental data analysis 
h. Process parameter 
4. Various conditional parameters that could be monitored are: 
a. Fatigue 
b. Wear 
c. Deterioration 
d. Creep 
e. Reliability of components 
f. Environmental factors 
g. Corrosion 
h. Electrical stress 
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5. Once the condition variables are analyzed model based, feature based or hybrid models can be 
used to relate the degradation signals to remaining useful life of the system. 
6. Approaches for calculating consumed life of a product include; 
a. Identify all the components that help achieve a particular user parameter 
b. Identify impact on each component in terms of wear, stress, load, fatigue, creep etc. 
c. Develop a function to represent this impact over the product 
No work that integrated reliability modelling with life cycle assessment to determine the life of the 
product was found in the literature review. The next chapter defines the problem based on the initial 
motivation and the current state of the literature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
16 
 
3. Problem Statement 
3.1 Clarification of the Problem  
According to ISO 14040 the functional unit is defined as the quantified performance of a product system 
for use as a reference unit in a life cycle assessment study. The functional unit is used in Life cycle 
assessment studies to ensure that there is comparability between the results of LCA studies. But as 
pointed out by various researchers the lack of standardized practices to define functional units, variability 
in assumptions, and the lack of guidelines for defining functional unit affect the results of LCA as this 
forms the base of any study (Bousquin et al., 2011; Collado-Ruiz & Ostad-Ahmad-Ghorabi, 2010b; Reap 
et al., 2008). 
In order to overcome this problem, a novel approach was developed by (Fumagalli 2012) to integrate 
systems engineering principles and functional analysis into the definition of the goal and scope of a life 
cycle assessment. The proposed methodology includes: 
1. Define the enclosing system 
2. Define reference flows and scaling parameters 
3. Separating the functional unit definition from user behavior and developing and using cumulative 
damage functions to determine the used life of the product and product components. 
The advantage of the proposed method is that it enables the comparison of LCA results conducted on 
different products that satisfy similar functions. This is enabled in part by separating user behavior from 
the definition of the functional unit. However, the most important part of this framework is that the 
reference flows and scaling parameters identified can be modified based on the user scenarios directly or 
indirectly. This linkage is achieved by using cumulative damage functions which are defined as a function 
of usage parameters. Based on the usage parameters a certain portion of the useful life of the product and 
its components will be consumed. The Cumulative Damage Function (CDF) will be dependent on the 
technology used. CDF is defined as: 
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𝐶𝐷𝐹 =
𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑙𝑖𝑓𝑒
𝐿𝑖𝑚𝑖𝑡(𝐿𝑓 , 𝐿𝑜𝑏𝑠, 𝐿𝑛𝑒𝑒𝑑)
                              (3) 
  𝐶𝐷𝐹: 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐵𝑂𝑀 𝑡𝑜 𝑏𝑒 𝑞𝑢𝑎𝑛𝑡𝑖𝑓𝑖𝑒𝑑 𝑓𝑜𝑟 𝐿𝐶𝐴 
   𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑙𝑖𝑓𝑒: 𝑏𝑎𝑠𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑢𝑠𝑒𝑟 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜 
   𝐿𝑓: 𝐿𝑖𝑚𝑖𝑡 𝑑𝑢𝑒 𝑡𝑜 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 
   𝐿𝑜𝑏𝑠: 𝐿𝑖𝑚𝑖𝑡 𝑑𝑢𝑒 𝑡𝑜 𝑜𝑏𝑠𝑜𝑙𝑒𝑐𝑒𝑛𝑠𝑒 
    𝐿𝑛𝑒𝑒𝑑: 𝐿𝑖𝑚𝑖𝑡 𝑑𝑢𝑒 𝑡𝑜 𝑙𝑎𝑐𝑘 𝑜𝑓 𝑛𝑒𝑒𝑑 𝑜𝑓  𝑡ℎ𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 
The purpose of this thesis is to integrate the principles of reliability engineering with Life Cycle 
Assessment to support the development of an object-oriented approach for Life Cycle Assessment. As 
was discussed above, while Fumagalli (2012) motivated the need and use of the CDF, its rigorous 
development was left for future work. In the following paragraphs, the needs to have to be satisfied by 
this integration effort will be discussed, which will be followed by a summary of the research objectives. 
The CDF quantifies the amount of product or component life that is ‘consumed’ with respect to the total 
available life of the product, which is the denominator in the above equation. This definition of CDF 
widens the scope of the problem as consumed life cannot only be defined by physical consumption 
mechanisms (the most common approach) but also with concepts like perceived obsolescence of the 
product which can also limit the life of the system under study, which further complicates the estimation. 
Another dimension of complexity is added to the problem as the use of the product under study would be 
uncertain which in turn affects the variability of consumed life estimation of the product and affects the 
variability of the life cycle inventory calculations.  Thus it is necessary to model this uncertainty in the 
proposed model. 
From the review of the literature, it is clear that there are a variety of different statistical and physical 
approaches available to determine the consumed life of the product or component under investigation.  
These approaches range from the physical testing of the product under defined test conditions to using 
artificial neural networks to determine the remaining useful life of the product. These approaches have 
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also been used in preventive maintenance, prognostics and health management of complex mechanical 
systems. However, there is a need to examine the suitability of applying these to define the CDF.  
In addition to defining the CDF, it is also necessary to establish the limit of the product under study. Thus 
a need exists to deal with the various methods that could be used to establish the limit of the system under 
study. Various technology growth forecasting models, substitution models are available which can be 
used to establish the limit of the product in terms of technology obsolescence. Various approaches can be 
considered to develop guidelines to establish the product limit. 
Figure 4 shown below is a representation of the available methodologies to develop an approach to 
estimate the remaining useful life of the product.  These methodologies will be examined in greater detail 
below. 
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Figure 4: Remaining Useful Life 
3.2 Research Objectives 
The objective of this thesis is to develop a framework and methodology to quantify the cumulative 
damage function based on the user parameters. 
Thus the research objectives include: 
 Assimilate the literature on condition based maintenance, remaining useful life and prognostics 
and health management to develop a framework to calculate CDF 
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 Extend the concept of CDF to a functional decomposition to support the development of a 
framework for object-oriented life cycle assessments. 
 Develop rules to integrate CDFs within the functional decomposition to quantify the system level 
CDF. 
 Develop a framework to link system level parameters with use parameters. 
 Develop a framework to model various user scenarios to assess life cycle impacts. 
 Propose a method to identify the life limit of the product. 
 Apply the proposed methodology to a product case study. 
In addition to these research objectives, some of the questions that this work will attempt to answer 
include: 
 What is a cumulative damage function? How is it defined in terms of life cycle assessment? 
 What are the advantages and limitations of CDF in terms of an object-oriented LCA? 
 Can functional analysis be used to integrate CDF in an object-oriented LCA? 
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  4. Framework Development 
In this section, the framework to estimate the CDF will be developed.  This will be done in two sections.  
In section 4.1 the methodology to develop the framework will be defined and in section 4.2 the execution 
of the methodology will be summarized. 
4.1 Methodology to develop a framework to calculate Cumulative Damage Function 
The stated objective of this thesis is to support the development of an object-oriented framework for LCA 
by developing a framework to calculate the CDF that takes into consideration an object structure that is 
derived from the functional breakdown of the main function that a product system fulfills. In order to 
accomplish this it is necessary to establish a relation between the user parameters, the reference flows of 
the system and the system parameters. This relationship will help to define and keep track of the 
consumed life of the product and its components (or objects).  Since these CDFs will ultimately be related 
to the technology employed to implement the function under consideration it is necessary to consider 
specific interactions to establish a correlation between reference flows and user parameters. Note that if 
the abstractions that were defined by Fumagalli (2012) are adhered to both the reference flows and the 
user parameters will be independent of the specific technology used to implement the functions.  
However, the specific CDF will not be independent of the technology.  As long as the CDF is a function 
of these parameters and the use and flow parameters, the independence between layers of abstraction can 
be maintained. Recall that in Fumagalli’s (2012) work that a function is characterized by a minimal set of 
reference flows (energy and material) which can be scaled based on the user parameters through the use 
of system level parameters. Please note that these reference flows should not be confused with the 
reference flows defined by ISO 14040 (ISO 14040 2012; Curran 2006). 
In addition to the reference flows (material, energy & information) it will also be necessary to identify the 
stressors that affect the reliability of each function. As a matter of fact, the stressors can be considered as 
the fourth flow.  Figure 5 shows a functional decomposition with identified reference flows. The 
functional decomposition starts with identifying and developing the primary function of the system which 
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is further decomposed into sub-functions which integrate to perform the primary function. The main 
objective of developing a functional decomposition is to generate a functional abstraction that develops 
the product architecture in a controlled manner such that the various degrees of solution independence are 
maintained. This will lead  black boxes at different abstraction levels connected to each other which is 
known as hierarchical function structure (Gadre 2016).  As an example consider the decomposition to a 
low-level function such as ‘convert electrical energy into rotational energy’.  Clearly, the architectural 
decision has been made to implement a motor.  However, what motor technology is used (e.g. AC or DC) 
is still open.  In a similar manner, various levels of abstraction and detail can be represented in the 
functional hierarchy. 
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Figure 5: System reference of CDF 
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However, one of the difficulties that is anticipated with the identification of the operational stressors is the 
fact that these stressors will be related to the system architecture and its evolution as the product/system 
design details are decided upon. It is hypothesized that the tops-down functional decomposition proposed 
above will allow all of the stressors within the system to be identified based on the information available 
at any particular level of functional abstraction. These stressors will be in the form of: 
a. Fatigue 
b. Wear 
c. Deterioration 
d. Creep 
e. Reliability of components 
f. Environmental factors 
g. Corrosion 
h. Electrical stress 
Once consumed and the life for each sub-function is established, it will be necessary to integrate each of 
the individual CDFs to develop a CDF for the function that the sub-functions integrate into. The use of 
reliability block diagrams or FMEA will be explored as ways to achieve this integration into a function. In 
order to test the feasibility of this approach a simple example and a more realistic product example will be 
used to develop insights into a framework to calculate the CDF. 
The main idea behind the more realistic product example is to develop a functional breakdown of a coffee 
maker to identify all of the related reference flows and system parameters associated with all of the 
functions that make up the functional hierarchy.  This will help to illustrate the concepts developed in this 
thesis and to identify implementation issues. Note that the upper level functions of the hierarchy will be 
independent of any particular technology for making coffee maker, but as the functions are decomposed 
they will necessarily converge to the specific technologies and components utilized in the specific product 
under study.  Thus these low-level functions will eventually be mapped to the components and the 
24 
 
framework will be applied to these low-level interactions and the proposed method to calculate CDF and 
integrate them up the functional hierarchy will be illustrated and resulting LCA of the product will be 
developed. 
In addition to the issues related to integrating functional analysis with the methodology to compute CDF 
to integrate it into an object-oriented LCA framework, the methodology has to ensure integration with 
reliability modelling to compute the CDFs. Determining the end of life of the product is one of the issues 
that needs to be resolved in order to ensure the calculation of the CDF. This involves understanding the 
various mechanisms under which products become obsolete, for example, due to the arrival of some new 
technology. Daimon and Kondoh (2003) state that the main reasons for product obsolescence arise from 
either physical causes or value causes. Physical causes could be due to the consumption of function or due 
to a product failure. Value cause could be causes related to the deterioration of economic value.  The 
technology S-curve is a technique that can be used to anticipate technology progress, in particular 
technology and product substitution (Sharif & Kabir 1976). Fisher & Pry (1971) have also developed a 
model to understand technology substitution base on the technology S-curve. Even though some of the 
methods to compute the life of the product based on perceived limits have been discussed, these 
approaches will not be used in the current framework. 
Another aspect to consider when computing the limit of the product is product failure i.e. 𝐿𝑓 in the CDF 
equation (3). As mentioned earlier the bath tub curve can be used to compute the life of the system due to 
failure, however, this also depends on the availability of data associated with the failure rate of 
components.  Besides this, there are several models available to compute the predicted life of the system 
under different operating and environmental conditions. Based on the application, these models can be 
used to compute life of the system due to failure. Both the denominator i.e. the total life as well as the 
consumed life of the system (the numerator) can be computed by using appropriate models. Consumed 
life of the system can also be computed by keeping track of the number of operations performed. 
However, these models need some operational information to compute life and it is necessary that this 
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information is available to the LCA practitioner so that CDF calculations can be performed to perform the 
life cycle inventory.  
Based on the discussion thus far, the methodology to compute CDF is shown in Figure 6, which will be 
discussed in greater detail below.  It should be noted that Steps 1 and 2 are based heavily on the work of 
Gadre (2016). 
 
Figure 6: Methodology to compute CDF 
Step 1: Identify the main functional transformation of the system of interest and identify the material, 
energy and information flows that are common to all systems of the class  
Step 2: Develop the function hierarchy and identify the sub-functions of the hierarchy 
Step 3: Identify the use and primary operational stressor for the system  
Step 4: Use DSM to verify if all the necessary relevant flows are available at a given level of the 
functional decomposition and abstraction.  
Step 5: Deploy the system stressor to each of the subsystems in the function hierarchy and establish a 
suitable measure for the equivalent life for each subsystem to develop the corresponding CDF.  
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Step 1: Identify the main functional transformation of the system of interest and 
identify the material, energy and information flows that are common to all systems 
of the class  
In order to establish the relationship between the abstract functional space and the physical solution 
elements used to implement the system it is necessary to define the primary function of the system 
rigorously and to include all of the possible inputs and outputs to the system that must be satisfied by all 
systems that implement this function.  It is important to consider all of the material transformations and 
the associated energy and information flows. Note that typically energy flows are associated with specific 
solutions and would only be included if the main function is, in fact, energy conversion.  However, if the 
desire is that all systems in the class use electrical energy as an input (as an example) that is acceptable.  
Note that it will be more difficult to generalize to a broader class of system in the future. These associated 
flows help to establish a correlation between the functional space and the physical world which then could 
be scaled up to address some of the issues identified with the inventory assessment phase (Fumagalli 
2012). 
This first step in the methodology, particularly the definition of the flows common to all systems, is a 
very important step in the process in that it effectively sets bounds on all systems of this class.  In 
addition, it aids in the execution of the Step2, the development of a functional hierarchy, discussed below. 
The system and use parameters defined at this top-level functional transformation will guide the 
identification of the system parameters, and more importantly in this work, the primary operational 
stressors (discussed in greater detail below). Once the functional decomposition described below has been 
developed it can be used to link the system parameters through the hierarchy to enable the computation of 
the CDF of the system and subsystems.  
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Step 2: Develop the function hierarchy and identify the sub-functions of the 
hierarchy 
Once the main function and its associated flows have been defined, the next step is to identify the sub-
functions to develop the functional hierarchy (i.e. perform a functional decomposition). As stated earlier, 
by defining the primary function of the system comprehensively and developing the functional 
decomposition in a controlled manner that slowly converges on the specific solution elements of the 
system, many possible product realizations can be considered that leverage much of the functional 
structure that was developed. Furthermore, it enables reuse and easy upgradeability of LCA analysis 
elements. This is the main insight that leads to an object-oriented structure for performing life cycle 
assessments. Identifying sub-functions also helps to prioritize the failure modes and to model the CDFs 
based on these identified failure modes. Once the functional decomposition has been developed it can be 
used to link the system parameters through the functional hierarchy to enable the computation of the CDF 
of the system and of the subsystems. Figure 7 shows how the functional decomposition can be used to 
link the necessary information from the top level primary function to the lower level functions so that the 
CDFs can be computed.  
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Figure 7: Functional Decomposition 
Step 3: Identify the use and primary operational stressor for the system 
The next step is to identify user parameters and the primary operational stressors associated with the 
system. The primary operational stressors can be considered as the primary loads acting on the system 
which stress the system and results in the ‘consumption’ of life of the system under consideration. This 
same idea will apply to identifying the subsystem operational stressors.  
User parameters can be identified from the primary function of the system which has been identified in 
the previous step. User parameters can be used to identify the stressors acting on each function which are 
used in reliability models. These stressors, depending on the product architecture, could be voltage, 
temperature, vibrations etc.  Thus user parameters and the primary operational stressors along with the 
material flows can be used as scaling parameters to compute the CDFs. Once user parameters are 
identified, stressors for each function can be identified and the CDF will be a function of the stressors 
identified from the user parameters.  
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Step 4: Use DSM to verify if all the necessary relevant flows are available at a given 
level of the functional decomposition and abstraction 
Since there are many flows to keep track of, namely material, energy, information and parameters flows, 
and since these flows are critical to compute the CDFs, it is necessary to ensure that all of the necessary 
information is available at the appropriate level of abstraction or it that it can be derived from higher 
levels of abstraction. In order to ensure this, a Design Structure Matrix (DSM) is developed for the system 
under consideration. The DSM is a network modeling tool used to represent the elements of a system and 
their interactions, thereby highlighting the system's architecture (or designed structure). The DSM has 
many applications in the engineering of complex systems (Eppinger and Browning 2012.). In this step a 
process-based DSM with sequential grouping is used to verify that all of the necessary material and 
information flows have been identified at the appropriate level of decomposition by establishing a 
horizontal relationship between each function. Implementation of this step will be discussed in detail in 
section 4.2. 
Step 5: Deploy the system stressor to each of the sub-functions in the function 
hierarchy and establish a suitable measure for the equivalent life for each sub-
function to develop the corresponding CDF. 
Once the DSM is completed, the next step is to develop a model to compute CDF. A comprehensive 
review of different methods and models that could be used to compute remaining useful life and 
ultimately CDF has been conducted and summarized in the literature review above. However, as 
mentioned earlier, some of these methods are not applicable to the situation described in this work based 
on the availability of data, time and costs of developing these models. Therefore, this section deals with 
the computation of the CDF.  
In order to compute the CDF it is necessary to develop a Failure Modes Effects and Criticality Analysis 
(FMECA) on each sub-function.  This helps to prioritize the failure modes and to develop models to 
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compute the CDF.  In order to represent the different methods that can be used to compute CDF, two 
different methods will be given in the example in section 4.2. The first method involves using a reliability 
model to compute remaining useful life and ultimately CDF. The second method is based on using the 
available reliability data to develop a cumulative distributive function and use that data to compute a 
CDF. It should be noted that these two classes of examples serve as a good guide for most of the specific 
reliability models and approaches to estimate RUL that have been reviewed and are applicable to this 
work.  
4.2 Example 
The application of this methodology to the manual can opener shown in figure 8 will be used to illustrate 
more details of the approach. This can opener works by griping the edge of a can and is powered 
manually to rotate the can which separates the lid from the can to allow access its internal contents. In the 
remainder of this section, the 5-step methodology defined above will be applied to this product. 
 
Figure 8: Can Opener 
Step 1: Identify the main functional transformation of the system of interest and 
identify the material, energy and information flows that are common to all systems 
of the class  
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Figure 10 shows a functional decomposition of a can opener based on Esterman (2014) but it has been 
modified to adhere to the principles outlined in section 4.1. The first step of a functional decomposition 
(which is the focus of this first step in the CDF methodology) is to identify the primary function of the 
system without considering the physical system that implements the functions and to identify the 
associated flows (see Figure 9).  Referring to figure 9, note that the general structure to represent a 
function takes the form of a transformation taking place on the input flows to produce the output flows. 
This also helps to identify the material and information flows associated with each function that should be 
accounted for by all systems of the class.  To reiterate, this will not include all flows that could be 
transformed, only the ones that need to be transformed by all systems in this class.  This same idea is 
applied below as the functions are decomposed. 
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Figure 9: Primary Function of can opener 
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Figure 10: Functional decomposition of Can opener 
Step 2: Develop the function hierarchy and identify the sub-functions of the 
hierarchy 
In this section, guidelines to decompose the top-level function will be given based on Gadre's (2016) 
work. Functional decomposition should follow a tops-down approach i.e. functional decomposition 
should start with the most primary or basic function of the system (which was defined in step 1). This 
approach helps to maintain a degree of solution independence as the functions are decomposed. Consider 
the functional decomposition of the can opener where it can be easily observed that there is no 
assumption about the form of the solution for the top-level. However, by the second level of 
decomposition, the architectural decisions to ‘puncture the can’ and ‘rotate the can’ have not been made.  
The system could have rotated the tool or even used a chemical means to separate the lid.  But note that 
there are still many solution alternatives to ‘puncture the can’ or ‘rotate the can’. For example, the 
puncture function can be accomplished with a piercing point or with a knife. This controlled convergence 
in the reduction of the abstraction and the increase in solution detail is very useful for developing the 
Object-Oriented Life Cycle Assessment framework.  
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As one decomposes the function structure, at some point the structure reaches a point where the functions 
are very low-level and the logical progression is that low-level function is implemented by a low-level 
component (e.g. transmit torque might be implemented by a shaft).  At the point it becomes necessary to 
establish a relationship between the functions and the physical architecture of the system, switching to a 
bottoms-up approach from the physical components to the functions is useful. Thus, a hybrid approach 
which is a combination of both a tops-down and bottoms-up approach is found to be the most effective to 
identify functions and reconcile the function structure.   
One of the key challenges that was encountered in implementing this hybrid approach was the scenario 
where a component mapped into more than one function, which will lead to issues in allocating 
environmental impacts while developing the LCA. In order to overcome this scenario where the 
component has a one-to-many relationship with the functions, the use of component features was 
implemented. It is assumed that every component has a basic function and that there are features within 
the component allow the components to perform additional functions. It was further observed that the 
process steps that generated these features were easily accounted for and could be used as the basis for 
allocating the environmental impacts.  This is essentially an activity based approach toward the allocation 
of the impacts. 
Step 3: Identify user parameters and primary operational stressors: 
User parameters define the usage patterns of the system and they are dictated by decisions made by the 
user of the system. It is necessary to define user parameters because they scale the reference flows that 
have been identified through the primary operational stressor and can be an independent parameter in the 
CDF. Some guidelines to identify user parameters are summarized below: 
1. For the main function, consider the reference flows and determine how they are affected by factors that 
can be manipulated by the user.  In this case that would be the number of cans and the types of cans being 
opened. 
34 
 
2. For the sub-functions determine how its reference flows are impacted by the user parameters that were 
identified for the function that the sub-functions integrate into. For example, consider ‘Puncture Can’, the 
factors that users can manipulate that will impact this function include the type of can, the thickness of 
can and the circumference of the can. This information can be derived from the user parameters of the 
function that ‘Puncture Can’ integrates into, which are the number of cans and the type of can.  These 
user parameters can be used to model the CDF of the function based on the operational stressor. In the can 
opener case example: 
i. Usually cans are made of Aluminum 
ii. The Aluminum thickness is 0.1 mm 
iii. A typical can diameter is 66 mm 
3. It may happen that some sub-functions may not have unique parameters which could be manipulated by 
the users or some sub-functions may have an overlapping set of user parameters. For example, consider 
‘Grip Can Edge’ and ‘Penetrate Can’ functions, both the functions have thickness as a common user 
parameter 
4. As the tops-down and bottoms-up approaches to identify functions in the functional decomposition are 
applied, further insights will also be generated that help to identify the user parameters. 
The next step is to identify the operational stressor or stressors if it is a multifunction system. These 
stressors are the external loads that act on each subsystem. The primary operational stressor is nothing 
more than a user parameter which stresses the system. The primary operational stressor can be identified 
from the primary function of the system and ultimately the primary operational stressor would also be 
used as a parameter in the CDF equation in order to compute the remaining useful life. For example, in 
the case of can opener the primary function is ‘Open Can’ thus the can is being acted upon by the system 
so that the contents can be accessed. In this case, the primary operational stressor would be the number 
and type of cans being opened. 
Step 4: Use DSM to verify if all the necessary relevant flows are available at a given  
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In this step the dependencies of the reference flows and of the functions at a given level of abstraction are 
explicitly represented. Table 1 shows the DSM for the can opener where the columns represent the output 
of each function and rows represent the input to each function. Thus, the dependency of the functions is 
that the can must be accessed before it can be punctured or rotated, and similarly, the can must be 
punctured before it can be rotated.  So in this case, what is being captured is the temporal relationship of 
the functions.  The second table shows a similar temporal relationship.  However, the dependency can 
also be based on the relationship of specific reference flows.  In the Keurig example that will be shown in 
Chapter 5, the reference flow of the transfer of water between functions establishes this link in the DSM. 
Table 1: DSM for can opener 
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If one considers the second level of the functional decomposition, it can be observed that the necessary 
signals are available at the given level. For example, the output of ‘Locate Can’ is supplied to ‘Secure 
Can’ which then feeds into ‘Penetrate Lid’ which, finally feeds into ‘Apply Torque’. Similarly, some 
information and material flows from the function that these sub-functions integrate into are needed at this 
level (the most important material flow being the can itself) but no information is needed from sub-
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functions of the sub-functions. Thus, the DSM is useful to verify that all of the necessary flows to 
establish the user parameters are available at the given level of abstraction or higher. 
It should be noted here that in practice it was found that at some point there is sufficient detail due to 
product realization decisions that have been made so that the DSM provides relatively little benefit.  Thus 
it was found that the DSM is most useful in the more abstract layers of the functional decomposition in 
order to ensure that all of the information, material and signal flows are correctly identified at the 
appropriate level of decomposition. In the case of the can opener the DSM was only developed only 
for first three levels of the decomposition. 
Step 5: Deploy the system stressor to each of the sub-functions in the function 
hierarchy and establish a suitable measure for the equivalent life for each sub-
function to develop the corresponding CDF. 
In order to perform the LCA, a relationship between the functional structure and the physical world needs 
to be established. This step involves explicitly identifying the stressors acting on each sub-function which 
establishes the relationships between the user parameters and the sub-functions so that CDF can be 
dynamically calculated. The distinction between the operational stressors and the system stressors is that 
the system stressors represent the specific physical mechanism that cause the life to be consumed, 
whereas the operational stressor is related to the action external to the sub-function that causes this 
physical mechanism to manifest itself.  Thus, the system stressors can only be identified when a solution 
has been implemented for any particular function. 
Below are some guidelines to identify the systems stressors: 
1. Start with the lower most function (just before the component stage) and develop a FMECA based on 
the current product realization. 
2. Select the most probable failure mechanism that could result into a system failure.  
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3. Identify the failure models for the above selected mechanism to establish a relationship between the 
identified user parameters to compute life under the given usage conditions. 
4. Compute the CDF and assign them to all of the functions.  
It should be noted that while the guidelines above were developed for the case where the product 
realization was complete, if it is not, then a functions-based FMECA can be executed on the identified 
sub-functions and the same procedure mentioned above can be followed. There will just be more 
uncertainty associated with the resulting failure modes and they will be more generic in nature.  But in 
principle the CDF computation can still proceed.  This would be very useful in supporting product 
development activities. 
An additional point to highlight is related to the second guideline above. What constitutes a failure can be 
implemented in two ways.  The first failure condition is that the life limit of the sub-function (or 
subsystem) is reached but the failure is confined to the sub-function.  This is the case of a repairable 
subsystem.  If all subsystems are treated as unrepairable, then the failures that are of interest are the ones 
that limit the life of the system that the subsystem integrates into.  More on this will be discussed in the 
examples below. 
Table 2 shows a FMECA for the Can Opener System. FMECA is a process is to identify modes of failure 
within a system and is a combination of FMEA and Criticality Analysis (CA). The criticality matrix 
shown in table 3 is developed based on the qualitative approach (MIL-STD-1629 1980) for developing a 
FMECA using as a reference the severity matrix in table 4 and the criticality matrix in table 5 (MIL STD 
1629 1980). As an example, consider one of the failure modes associated with ‘Pierce Can’, which is the 
wear associated with piercing of the can. The potential failure mode is wear of cutting edge due to the 
application of cutting force. The end effect of this failure mode is a complete failure of the system. Based 
on the severity matrix in table 4 the severity rating for this failure mode is 1. Since this failure mode is 
caused due to the friction between the cutting edge and the can surface, the frequency of occurrence for 
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this failure mode is considered to be high. Based on the frequency of occurrence in table 5 it is set to A 
i.e. probability greater than 0.2. 
Table 2: FMECA can opener 
 
 
Table 3: Criticality Matrix 
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Table 4: Severity Matrix for reference 
Ranking  Severity 
1 Complete loss of function 
2 Degradation in performance 
3 No effect on performance 
 
Table 5: Criticality Matrix 
Level  Frequency 
A High probability of occurrence (>0.2) 
B Moderate probability of occurrence. Between 0.1 and 0.2 
C Occasional. Probability between 0.01 and 0.1 
D Remote. Probability between 0.001 and 0.01 
E Extremely unlikely. Probability less than 0.001 
Based on the criticality matrix in Table 3, it can be seen that failure modes 3 and 9 have very high 
severity and probability of the failure. Since both the identified critical failure modes are based on wear, 
the next section provides a brief review on models available to compute wear failures and uses an 
appropriate model to compute wear life. It should be noted that failure due to fatigue has been given very 
low probability because of the fact that it is manual can opener with a relatively low frequency of use and 
the low cutting forces (cutting force required to cut 0.1mm Aluminum can is 43N). Thus, it is more likely 
that the edge would wear out before the gear brakes or the cutting edge chips off. It should be noted that 
this is certainly not a comprehensive FMECA but it is a reasonable representation in order to illustrate the 
methodology to compute CDF.  
Wear 
Wear is a failure mechanism generally associated with the relative motion between moving parts (Tinga 
2013b). In addition to the physical contact with a rigid medium, wear is also caused by medium like gas 
or liquid flowing over the body. Wear can be divided into four different categories based on wear 
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mechanisms namely, adhesive wear, abrasive wear, corrosive wear and surface fatigue (Tinga 2013b).   
These will be discussed in greater detail below. 
Adhesive wear  
Adhesive wear is generally observed when materials with similar hardness are in contact with each other 
and the contacting surface irregularities shear off below the interface area resulting into a transfer of 
material from one surface to another during dry contact conditions (Glaeser 1971). According to Tinga 
(2013), adhesive wear is characterized by very high friction which generates very high localized 
temperatures which could result in catastrophic failures of the system. 
Abrasive Wear 
This type of wear is usually caused when there is a difference between the hardness of two 
contacting surfaces. This results in the harder material cutting into the softer material and 
removing the softer material. Abrasive wear takes place when there is a difference of >20% in 
the hardness of the materials (Tinga 2013b).  
Corrosive Wear 
Corrosive wear, as the name suggests is caused due to corrosive environments. When the material is 
exposed to the corrosive environment, a soft residue is formed on its surface and it is easily removed 
exposing the underlying surface to the corrosive environment resulting into a similar process. The best 
way to measure wear is to measure the amount of material removed in relation to the extent of contact 
using standardized equipment (Gutierrez-Miravete 2013). Most of the commonly used wear models are 
linear models in which the amount of wear is proportional to the normal force (Anderson 2010). One of 
the most commonly used models for wear is Archards law given by; 
𝑉 = 𝐾 ∗ 𝐹𝑛 ∗ ∆𝑆                  (4) 
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Where V is the volume of the material removed, Fn is the normal force and Δs is the relative distance 
travelled between surfaces. The proportionality constant K is dependent on the factors like temperature, 
frictional coefficient, lubrication etc. (Tinga 2013b).  
Besides Archards law there are several other models which have been developed to study and model the 
process of wear. Some of these models include delamination theory, oxidative wear mechanisms, and a 
single point observation method for gears (Anderson 2010). Besides these models, Kato and Adachi 
(2001) discuss different types of models to deal with fatigue wear and corrosive wear which could be 
used to deal with different types of wear mechanisms. Archards law can also be used for adhesive wear 
and for abrasive wear with an additional factor added (2*cotϑ/Pm, where Pm is the Vickers or knoop 
hardness number) to compensate for the asperities (Glaeser 1971).  
The previous discussion provides the basic background of wear processes as well as some of the basic 
models that can be used to model wear processes but this is certainly not a comprehensive review on wear 
processes. However, it does provide enough details to continue with the can opener example. The wear 
mechanisms in the can opener can be modelled by using Archards law (Equation (4)). The value for K 
can be obtained from standard tables and based on the geometry of the parts and the relative distance 
travelled between the mating parts can be easily calculated which will give the amount of material 
removed for every cycle of use (which is derived from the user parameters). Based on empirical data and 
the geometry of the can opener the threshold for the amount of material that could be removed before a 
failure can occur can be determined, which, in turn, is used to compute the CDF for each use of the 
components. If equation (4) is multiplied by the number of operations N, then the total amount of material 
lost during the N operations can be determined. 
Consider the ‘Pierce Can’ function. The CDF can be expressed as: 
𝐶𝐷𝐹𝑝𝑖𝑒𝑟𝑐𝑒𝑐𝑎𝑛 =
𝑁
𝑁𝑐𝑟
        (5) 
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Where Vcr is the critical amount of material lost before the system fails and Ncr is the number of 
operations of the subsystem for failure for the given operating conditions. Recall that V (the volume of 
material removed in each cycle of use) is calculated from equation (4) and would need to be accumulated 
over the N cycles. Vcr is an empirical parameter. Some points to be noted: 
1. The baseline to compute Vcr and Ncr is either based on design data standards or endurance testing 
performed in labs. 
2. Environmental conditions introduce some uncertainty to the baseline data. 
3. Sometimes, this data can be obtained from accelerated stress tests or mechanical endurance tests. 
Based on the discussions so far, equations 6 and 7 compute critical number of operations for failure 
and total number of operations performed, respectively.                 
         𝑁𝐶𝑅 = 𝑉𝑐𝑟/(𝑘 ∗ 𝐹𝑛 ∗ ∆𝑆)                     (6) 
𝑁 = 𝑉/(𝑘 ∗ 𝐹𝑛 ∗ ∆𝑆)                            (7) 
Once the CDF of a sub-function is known, its life cycle impacts can be calculated by apportioning the bill 
of materials based on the CDF. A similar methodology is used to compute CDF for the ‘Rotate Can’ 
function. Equation 10 computes the CDF for rotate can. 
𝑁𝑐𝑟 = 𝑉𝑐𝑟/(𝑘 ∗ 𝐹𝑛 ∗ ∆𝑆)                                  (8) 
       𝑁 = 𝑉/(𝑘 ∗ 𝐹𝑛 ∗ ∆𝑆)                                    (9) 
       𝐶𝐷𝐹𝑟𝑜𝑡𝑎𝑡𝑒𝑐𝑎𝑛 = 𝑁/𝑁𝑐𝑟                                  (10) 
At this point the CDF can be calculated based on the actual user parameters obtained in step 3 of the 
methodology. They are reproduced below for easy reference:  
a. Usually cans are made of Aluminum 
b. Aluminum thickness is 0.1 mm 
c. A typical can diameter of 66mm 
d. Average uses per day of 2 
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The factors that affect the life of the components based on equations 6 and 7 and 8 through 10 are Fn, the 
normal force generated, which depends on the material of the can; ∆𝑆, which depends on the thickness of 
the material used; and the factor K, which is also dependent on the material used. Thus the life (N) of the 
can opener will depend on these user parameters.  
With all of the information that is needed to calculate the life of each component available, the CDFs can 
be calculated. 
For the ‘Pierce Can’ function; Assuming 
𝐹𝑛 = 50𝑁, ∆𝑠 = 1𝑚𝑚                                   (11) 
𝑘 = 2 ∗ 10-9mm2/N 
𝑉𝑐𝑟 = 0.001                                                 (12) 
𝑁𝑐𝑟 =
𝑉𝑐𝑟
∆𝑆∗𝑓𝑛∗𝑘
                                            (13) 
𝑁𝑐𝑟 = (
1
50
 )    10-3   * 0.5*109                        (14) 
𝑁𝑐𝑟 = 10000                                                (15) 
 
If we assume a scenario where number of operations needed are 20000 then according to equation (6) the 
CDFpiercecan has a value of 2. For the purposes of illustration, it is assumed that the ‘Rotate Can’ function 
has similar numbers, thus the CDFrotatecan is also 2. This means that two of these subsystems are needed for 
the operational use of 20000 operations for the given operating conditions.  
Figure 11 shows the functional decomposition for the can opener along with the corresponding CDF 
values for each sub-function. 
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Figure 11: Functional Decomposition with CDF 
As can be seen in Figure 11 the CDF of both of the functions ‘Puncture Can’ and ‘Rotate Can’ is 2, so the 
CDF of ‘Open Can’ is also 2. This information can then be fed into SimaPro to actually compute the life-
cycle impacts to be integrated into the object-oriented life cycle assessment framework (Gadre 2016).  
Consider the functional decomposition of the can opener shown in figure 10. It can be observed that a 
FMECA on the lower level functions of ‘Grip Can Edge’ and ‘Penetrate Lid’ could have been conducted 
and that the CDF for these associated sub-functions could have been calculated. These CDFs would have 
been integrated into the functions that the sub-functions integrate into in a similar manner described 
above. This then could have been used to assess the life cycle impacts. However, instead the FMECA was 
performed on the higher level function of ‘Puncture Can’.  This was done to illustrate that it was not 
necessary to have all of the product detailed design decisions completed in order to execute this 
methodology. It is a nice illustration of the benefits of the object-oriented life cycle life assessment 
framework. By computing the CDF at higher level function some accuracy is lost but it does help guide 
design decisions and does allow for the LCA model to evolve as the product design evolves. 
Alternate method to compute CDF 
From the above discussion it can be observed that the CDF is simply the ratio of the number of cycles that 
the component has undergone to the total number of cycles that the component can sustain.  This is 
similar to the Palmgren-Miner rule for damage accumulation. This rule states that for a variable amplitude 
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load the amount of damage accumulated D is the ratio of number of cycles at that amplitude to the total 
number of cycles at that amplitude (Tinga 2013). Mathematically this can be stated as follows: 
𝐷𝑖 = 𝑛𝑖/𝑁𝑖𝑖                (16) 
Where 𝐷𝑖 is the damage accumulation due to i
th amplitude and ni and Ni are cycles at that amplitude and 
total number of cycles at that amplitude before failure, respectively. Based on Smith et al. (2002), the 
failure is predicted to occur if  
∑ 𝑛𝑖/𝑁𝑖𝑛𝑖=1 ≥ 1          (17) 
Thus, if Di is equal to or greater than 1 then the component can be considered to have failed. Comparing 
equation (17) with the proposed definition for CDF (equation (1)), the major difference is that the damage 
accumulation represented in equation (17) does not consider the limit due to obsolescence and lack of 
need.  
Smith et al. (2002) use the physics of failure and damage accumulation theory to compute the remaining 
useful life of the components. A similar approach has been followed by Musallam et al. (2008) to 
determine the remaining life of power modules under arbitrary operational conditions. A similar approach 
could be followed to establish the CDF of the components. For example, if the data are available on the 
total number of cycles that the component can sustain or it can be calculated from the different failure 
models mentioned before and number of cycles the system has undergone can be tracked, then by taking 
the ratio of two, the CDF can be calculated.    
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5. Case study 
5.1 Introduction 
In order to test the framework described above and to develop continued insights into the framework, a 
Keurig Green Mountain coffee maker was used as a test case to perform an LCA. The process described 
in section 4.1 and further detailed out in section 4.2 will be applied to the coffee maker. Based on the 
functional hierarchy that will be developed for the product, the low-level functions will ultimately be 
mapped to the components and the proposed CDF calculation and integration method be illustrated as will 
the integration of the results into the LCA of the product. 
5.1.1 Theory of operation 
The Keurig coffee maker is a single serve coffee machine which uses K cups as source of coffee grounds 
with the water required being stored in a reservoir. For brewing the coffee, the user places a K cup in the 
K cup holder and selects the am ount of the coffee needed before pressing the start button. This pumps 
water from the reservoir to the heater that heats the water for extraction.  The air pump pushes and 
agitates the heated water into the K cup which is pierced by a needle. Finally, coffee exits the system. For 
overview of the Keurig system refer to the Error! Reference source not found..  
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Figure 12: Keurig system overview (Keurig use & care guide K2.0 series, 2015) 
5.1.2 Coffee brewing 
In order to adequately represent the system under consideration it was necessary to understand the coffee 
brewing process as a whole and introduce some important concepts associated with coffee brewing. Some 
important parameters associated with coffee brewing are shown in table 8 and are discussed below. 
According to (Thurston, Morris, and Steiman 2013) the parameters that need to be adjusted are; 
Grind particle size- Grinding coffee beans increases the surface area of coffee beans which increases the 
area of contact with water. The smaller the size of grinds higher is the rate of extraction.  
Water Temperature- The water temperature affects the extraction rate and quantity of extraction of 
solutes. Higher the temperature better is extraction efficiency.  
Water Pressure- The effect of water pressure is same as the effect of water temperature. Increasing the 
pressure improves solubility.                                                                                                                              
Agitation- The agitation also improves the extraction of soluble. In Keurig brewing system it occurs as 
the water is pressurized using an air pump.  
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Brew ratio: is nothing but the ratio of weight of coffee to the weight of water. Specialty Coffee 
Association of America (SCAA) recommends the coffee strength to be between 1.0-1.5 percent TDS. 
This can be achieved by a coffee to water ratio of 1:18 by weight.  
Contact time- Amount of extraction is directly proportional to contact time between coffee grinds and 
water. However, ideal contact time is difficult to set as it is dependent on variety of factors discussed 
above. 
Filter type- The filter type has an effect on the extraction time as well as the type of chemical compounds 
that are part of the final brew.  
Water quality- Coffee has 98.5% water in it and according to SCAA ideally water with neutral PH 
containing about 75-250 ppm dissolved solids and 20-85mg/L calcium with no or little adulteration 
should be used. 
5.2 Application of framework  
In this section, the methodology illustrated in Figure 6 will implemented on the coffee maker product to 
compute the CDFs.   
 
5.2.1 Step 1: Identify the main functional transformation of the system of interest 
and identify the material, energy and information flows that are common to all 
systems of the class  
Gadre (2016) discusses functional analysis in detail in his thesis hence only an overview of first step is 
presented here. To develop the functional decomposition, the first step is to identify the primary function 
of the system along with the associated flows. Figure 13 shows the primary function of the system which 
is represented as ‘Extract Soluble to Produce Beverage’. This primary function is represented as material 
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inputs transformed into material outputs, which in this case is a soluble which is being acted upon to 
produce a beverage. 
Extract Soluble to 
produce Beverage
S+C
W + I
F(G/L)
Beverage(W+F+S)
C
Water temp (cold)
S+C (granular)
Beverage temp (hot)
I
 
Figure 13: Primary function of Keurig 
It can be observed that the functional description is generic in nature and that a very wide range of 
product systems could be developed to extract the soluble to produce a beverage. Note that in the 
functional description flavoring is one of the inputs to the primary function even though the Keurig 
system does not manipulate this flow. The implication is that this an important flow that is associated 
with the functional transformation that must be accomplished by the product, but the system design 
choices have delegated the manipulation of this flow to the user. With this framework it can be easily 
integrated in future, which will allow much of the structure and analysis that has been developed to be 
leveraged.  
Table 6 lists the inputs and outputs for the primary function. As can be seen while identifying the flows, 
the states of the material of the material flows have also been identified.  
Table 6: Inputs to functional decomposition 
Inputs Outputs 
Soluble+Carrier (S+C) Beverage ( W+F+S) 
Water (W)  
Flavor (F- Granular/Liquid)  
Water Temp Beverage temp ( Hot) 
S+C ( granular) Carrier 
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5.2.2 Step 2: Develop the function hierarchy and identify the sub-functions of the 
hierarchy 
After identifying primary function, it is further decomposed into sub-functions which integrate into the 
primary function. Figure 14 represents functional decomposition of the primary function into lower level 
functions with minimal reference to product architecture decisions. It should be noted that necessarily, 
product architecture decisions are made as the functions are decomposed, but the key is to reduce the 
abstraction in a controlled manner to maintain as much generality for as long as possible. This 
decomposition also identifies material and information flows associated with each function. 
Extract Soluble
S+C
W + I
S+W+C
I
Communicate with 
user
Information Information
Dispense Bevrage
Inside system outside system
C
S+W+C Beverage(S+W) S+W
F(L/G) Mix Flavor with S+W 
Beverage (S+W+F)
Extract Soluble to 
produce Beverage
S+C
W + I
F(G/L)
Beverage(W+F+S)
CWater temp (cold)
S+C (granular)
Beverage temp (hot)
I
 
Figure 14: First level functional decomposition 
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Once a function is decomposed, the resulting functions are decomposed in a similar manner.  Figure 15 
shows the functional decomposition for Extract Soluble.  This decomposition still follows the same 
pattern of a material transformation taking place on an input flow which results into an output flow. 
Extract Soluble
S+C
W + I
S+W+C
I
Prepare S+C
S+C S+C
Transfer Soluble to 
Water
S+C
W
S+W+C
Water Temp 
(cold)
Prepare Water
W+I W
I
Water Temp 
(Hot)
Water Temp (cold) S+W+C Temp (Hot)
 
Figure 15:  Decomposition of Extract Soluble 
Each of the three sub functions can be further decomposed into sub-functions. Figure 16 shows the 
functional decomposition for ‘Prepare S+C’. 
Prepare S+C
S+C
S+C
Accept S+C
S+C S+C
Contain S+C
S+C S+C
Increase Surface 
Area
S+C
Solid (S+C) Granular (S+C)
 
Figure 16: Prepare S+C functional decomposition 
It should also be noted that the function highlighted is not currently implemented in the Keurig system. 
However, in order to ensure that the functional decomposition is complete this function is included in the 
decomposition.  System designers can always choose to not implement a function, but this means that that 
they have delegated that function to the user. 
It was observed when developing the functional decomposition that as the transformations become more 
dependent on the actual product and product details, switching to a bottoms-up approach to further 
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develop the function hierarchy is useful. The bottoms-up approach begins by looking at the low-level 
components of the actual system of interest and deducing the low-level functions that the component 
implements.  In turn, these low-level functions are integrated into higher level functions until they are 
linked to the tops-down function hierarchy. Figure 17 shows a functional decomposition linked to the 
product architecture for ‘Prepare S+C’. 
 
Accept S+C
S+C S+C
Circlip
Pin holesPin holes
Handle/cover Pins
Prevent horizontal 
pin movement
Enable rotational 
motion
Transmit hand force
Provide rotational 
degree of freedom
Locate K cupInsert K cup
Needle frame
Conical shapeConical shape
Needle frame 
support
DRM frame
Bottom jaw
Pin holesPin holesPin holesPin holesPin holesPin holes
K cup K cup
T T
 
Figure 17: Prepare S+C functional decomposition 
In figure 17 the functions outlined in the box are the ‘Features’ that had been mentioned in the 
methodology section. These features are associated with multi-functional components. For example, 
consider the decomposition of ‘Contain S+C’ in figure 18. The gripper performs the two functions of 
supporting a K-cup and locating the K-cup.  The gripper also has a ‘Feature’ which is a conical shape 
which helps in locating the K-cup but the overall basic functionality of the gripper is to support K-cup, 
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which is considered as the primary function of this component and life cycle impact of manufacturing 
process that generated these features can be easily accounted for and be used for allocating the 
environmental impacts. A similar methodology is followed for all of the other components with multiple 
functions.  Figures 19 and 20 represent functional decompositions of the sub-functions in figure 15. 
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Figure 18:  Feature based decomposition 
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Figure 19: Prepare Water functional decomposition 
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Figure 20: Transfer soluble functional decomposition 
 
A detailed functional decomposition of the Keurig product system is discussed in Gadre (2016) and the 
complete functional decomposition has been included in appendix A.   
The subsystems that implement the sub-functions are identified based on the guidelines provided in 
section 4.1. Table 7 identifies the sub-functions within the Keurig product system.   
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Table 7: Identified Sub-functions in the Keurig Product System 
No. Remark Sub-Function 
1 Manufactured System Prepare S+C 
2 Manufactured System Prepare Water 
3 Replaceable System Separate W+I* 
4 Manufactured System Regulate Water For Heating ^ 
5 Outsourced System Generate Torque^ 
6 Outsourced System Transmit Torque^ 
7 Outsourced System Constrain^ 
8 Manufactured System Conduct Water 
9 Outsourced System Generate Heat^ 
10 Outsourced System Regulate Heat^ 
11 Manufactured System Transfer Heat To Water 
12 Manufactured System Transport Hot Water For Extraction 
13 Manufactured System Combine S+C and Heated Water 
14 Outsourced System Generate Torque^ 
15 Outsourced System Pressurize Air^ 
16 Manufactured System Constrain^ 
17 Outsourced System Regulate Pressure^ 
18 Outsourced System Transfer^ 
19 Manufactured System Separate Carrier From S+W 
20 Manufactured System Dispense Beverage 
In this section the process of identifying the sub-functions during the functional decomposition developed 
in the previous step will be explained.  
Figure 21 shows the functional decomposition for ‘Prepare S+C’ with its associated flows. These flows 
are used to identify sub-functions. Since the flows associated with lower level functions of ‘Prepare S+C’ 
are similar or they could be derived from the higher level function of ‘Prepare S+C’, these functions can 
be grouped together in a single sub-function. 
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Figure 21: Prepare S+C functional decomposition 
Another point to be considered here is the flexibility that this approach provides in identifying sub-
functions.  For example, ‘Accept S+C’ and ‘Contain S+C’ can be treated as two separate sub-functions 
and implemented as two separate subsystems. However, it is observed that even though both of the sub-
functions have the same flows, there are no changes in state of the system and no material transformations 
are taking place thus these functions could be grouped in a single sub-function. However, considering 
them as two separate sub-functions increases the granularity of LCA.  
Consider the slightly more complicated sub-function of ‘Heat Water’. Looking at Table 7, it is observed 
that ‘heat water’ is separated into three separate sub-functions as shown in figure 22. All three of the sub-
functions have different flows associated with them and they can be treated as three different sub-
functions. However, for the purposes of this case study the ‘Heat Water’ sub-function will be 
implemented as one subsystem. If three subsystems had been identified, then it would have improved the 
granularity and flexibility of the LCA study and improved the results of impact assessment. 
Heat water
W
E
      W
Generate Heat
I x V Th E
Regulate Heat
Water Temp Water Temp Transfer Heat to 
Water
Th E
W
W
Excess Th E
Water Temp (Cold) Water Temp (Hot)
Water Temp (Hot)
 
Figure 22: Functional Analysis of heat water 
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Lastly, the case where the material flows associated with sub-functions are same but the transformations 
associated with the sub-functions are different will be discussed.  This scenario will lead to different sub-
functions. Figure 23 shows the functional decomposition of ‘Transfer Soluble to Water’ which has two 
sub-functions with same flow W. However, since the functional transformations are different, they are 
implemented as two different subsystems. One of the subsystems is associated with the air pump and the 
other with the water pump. Similarly for the ‘Heat Water’ subsystem one could have further decomposed 
to the  sub-functions ‘pressurize water’ and ‘move water’ to improve the flexibility of the impact 
assessment but for the purposes of this case study these sub-functions will not be considered. A similar 
process was followed to identify lower-level sub-functions until the transition from a tops-down approach 
to a bottoms-up approach took place. 
Transfer Soluble to 
Water
S+C
W
S+W+C
Transport hot water 
for extraction
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W
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Heated water
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 W
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W W
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Figure 23: Functional decomposition of Transfer Soluble to Water 
5.2.3 Step 3: Identify the use and primary operational stressor for the system  
Recall that the primary operational stressor is simply the user parameter at the top functional 
transformation which stresses the system. The primary operational stressor can be identified from the 
primary function which is also used as a user parameter in the CDF equation to compute remaining useful 
life. The primary function identified using principles of functional analysis and associated material flows 
was shown in figure 13. Some important parameters associated with coffee brewing which were discussed 
in section 5.1.2 are shown in table 8. 
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Table 8: Average use scenario for coffee consumption 
 
* (“National Coffee Drinking Trends 2010, National Coffee Association,”) 
^(Thurston, Robert W., Morris, Jonathan, Steiman 2013) 
 
To identify the user parameters, consider each sub-function and the information flows associated with 
each sub-function which stresses the system. Table 9 on the following page shows each of the identified 
sub-functions and the associated parameters that stress each of the sub-functions. 
 
 
 
 
 
 
 
 
 
Use Parameter Value 
Quantity of Coffee grinds 1.47 oz^ 
Quantity of water 26.44 oz.^ 
Temperature of inlet water 68°F 
Quantity of beverage 27.9oz* 
Quantity of beverage per serving 9oz* 
Temperature of Beverage 140F 
Strength of coffee  1.25%^ 
Max TDS (Total dissolved solids in brew) 250ppm  
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Table 9: User parameters and Sub-functions 
No Remark Sub-Function 
Subsystem for 
case study 
Key 
Part 
User Parameters 
1 
Manufactured 
System 
Separate W+I* Prepare Water   
Volume of  
water 
2 
Manufactured 
System 
Prepare S+C Prepare S+C   Weight of S+C 
3 
Replaceable 
System 
Prepare Water Separate W+I* Filter Volume of Water  
4 
Manufactured 
System 
Separate W+I* 
Regulate Water 
For Heating ^ 
    
5 
Outsourced 
System 
Regulate Water 
For Heating ^ 
Transport water 
for heating 
Pump Head/Pressure of water 6 
Outsourced 
System 
Generate Torque^ 
7 
Outsourced 
System 
Transmit Torque^ 
8 
Manufactured 
System 
Constrain^ 
Heat Water 
  
Extraction Temperature 9 
Outsourced 
System 
Conduct Water Heater 
10 
Outsourced 
System 
Generate Heat^ PCB 
11 
Manufactured 
System 
Regulate Heat^ 
Transfer Heat To 
Water 
  Extraction Temperature 
12 
Manufactured 
System 
Transfer Heat To 
Water 
    Volume of Water 
13 
Manufactured 
System 
Transport Hot 
Water For 
Extraction 
    Brewing Time 
14 
Outsourced 
System 
Combine S+C and 
Heated Water 
Pressurize heated 
water 
Air 
Pump 
Pressure needed for brewing 
15 
Outsourced 
System 
Generate Torque^ 
16 
Manufactured 
System 
Pressurize Air^   
17 
Outsourced 
System 
Constrain^ PCB 
18 
Outsourced 
System 
Regulate Pressure^       
19 
Manufactured 
System 
Transfer^       
20 
Manufactured 
System 
Separate Carrier 
From S+W 
    Volume of beverage 
21 
Manufactured 
System 
Dispense Beverage     Volume of beverage 
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It can be observed from the table 9 that all of the user parameters can be derived from the sub-functions 
that were identified in table 8. This step in the methodology will be further explained by considering the 
sub-function of ‘Separate W+I’. The information associated with this sub-function is the volume of water 
which stresses the filter system and results in the consumption of life of the subsystem that implements 
this sub-function.  Thus the user parameter for this sub-function is the volume of water which can be 
derived from the higher level functions that the sub-function integrates into. Similarly, the user 
parameters for all the other sub-functions can be identified based on the flows associated with each sub-
function. 
5.2.4 Step 4: Use DSM to verify if all the necessary relevant flows are available at a 
given level of the functional decomposition and abstraction 
This step verifies that all of the necessary flows have been identified and the necessary information is 
available at the given level of abstraction to implement functions or from functions that these functions 
integrate into. Tables 10, 11 and 12 show the DSMs for first three levels of functional decomposition with 
the columns representing the output of each function and the rows representing the input to each function. 
Table 10: DSM level 1 
 
Table 11: DSM level 2 
 
Accept User Input Extract Soluble Dispense Beverage
Accept User Input External input
Extract Soluble
Dispense Beverage Output
Prepare S+C Prepare Water Transfer Soluble to Water Transport Beverage Collect Excess Beverage Collect Beverage 
Prepare S+C
Prepare Water
Transfer Soluble to Water
Transport Beverage *
Collect Excess Beverage
Collect Beverage System Output
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It can be observed that at each level of the decomposition the functions have a temporal dependency. This 
dependency is based on the flow of material from sub-function to sub-function (or equivalently the 
between the subsystem that implement these sub-functions). Note that the spatial relationships of these 
sub-functions (subsystems) have not yet been considered at this level of the decomposition as there is no 
detailed product realization at this stage.  Some additional observations derived from the DSMs include: 
1. All of the necessary material and information flows are, in fact, available at the given level of abstraction 
or at higher levels of abstraction and no information or material flows are needed from functions at lower 
levels of abstraction.  This means that solution elements at the given level of abstraction need not be 
defined in order to define the user and stress parameters. 
2. It should be noted here that for the ‘Transport water for Heating’ function some information is needed 
which is not available at the given level of abstraction. Components associated with this function namely, 
the water tank associated with the function ‘Accept Water’ (from where water is transported) and 
‘Contain Water’ and the heater associated with ‘Heat Water’ (to where water is transported) are at the 
same level of abstraction in the functional decomposition. The implication of this that at this level of 
abstraction and detail, the architectural decision of relative position of these functions has to be made. 
This is not problematic because this is a constraint that comes with the design decision to select a pump as 
the solution to implement the function. This information comes from position parameters of two 
functions/blocks at the same level of decomposition. In order to overcome this problem, one approach, as 
a future work, could be developing interaction parameters between different functional blocks to share the 
necessary information. 
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5.2.5 Step 5: Deploy the system stressor to each of the sub-functiions in the function 
hierarchy and establish a suitable measure for the equivalent life for each sub-
function to develop the corresponding CDF. 
As explained in the methodology, first step to compute CDF is to develop a FMECA for the identified 
system. A FMECA for each sub-function that has been identified in Table 7 was performed and the 
detailed results can be seen in Appendix B.  Appendix B, Section A shows the FMECA for the ‘Prepare 
S+C’ sub-function. It can be observed that failure mode with identification number 1 results in a critical 
failure of the system and this entry from the FMECA is shown in  Table 13. This is a critical failure that is 
caused by the wearing out of a circlip which enables insertion of K cup.  Later in this section, what to do 
with this failure mode will be described. 
Table 13: Critical Failure in Prepare S+C 
 
 It should be noted here that even if a particular functional failure results in the localized failure of a 
subsystem, if it does not affect functioning of entire system then those functional failures are not 
considered critical. The reason for this is that the Keurig product system is being treated as a non-
repairable system which means that the life of the components within the product is equal to (or greater 
than) the life of the system.  However, it should be noted that if the product system is repairable, the 
current methodology provides a basic framework to accommodate this. In that scenario, what constitutes a 
critical failure will have two different interpretations as discussed in Step 5 of Section 4.2.  The 
implications of this is that when integrating the sub-function CDFs into the function that the sub-functions 
integrate into that CDF will need to calculated with respect to causing a failure of the entire product 
system (as described above).  However, in terms of the subsystem that implements the sub-function of 
interest, the CDF needs to be calculated with respect to failures that cause that subsystem to be replaced 
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(i.e. repaired).  In some senses, the two scenarios can be thought of as a CDFglobal and a CDFlocal, 
respectively. Each one can be used to support the object-oriented approach and the resulting CDFs for 
each  of the sub-functions will have been developed individually which leads to a more flexible approach.   
Since the pump is considered an outsourced subsystem, the expectation would be that the supplier would 
perform the necessary analysis to generate the CDF.  This subsystem will be used to illustrate the benefit 
of the object-oriented approach.  In the proposed object-oriented approach, both the supplier and the 
system integrator would have an agreed upon functional representation of the required transformation and 
associated flows.  In addition, the operational stressors and the user parameters would already be known 
independent of the specific solution.  This allows the system integrator to develop their LCA even in the 
absence of the specific information.  They could even put in a CDF model as a placeholder that would 
have greater uncertainty, but would allow analysis to proceed. Once the supplier has their own CDF 
model complete, that is simply substituted into the systems integrator’s model. For completeness, the 
FMECA for pump subsystem can be viewed in Appendix B, section B. It can be observed from this 
analysis that the ‘Constrain Pump’ function of this subsystems might fail resulting into a system failure 
and hence it will be used for analysis to develop the CDF that the supplier would be expected to supply.  
The FMECAs for the remaining sub-functions can be examined in Appendix B.  A summary of the 
FMECA analysis will highlight the major findings that lead to the development of the respective CDFs.  
From the analysis, the following sub-functions resulted in failure modes that would result in the complete 
loss of the product system functionality: ‘Prepare S+C’, ‘Constrain Air Pump’, ‘Combine S+C…’, 
‘Separate Carrier from S+W’.  Table 14 summarizes the FMECA analysis for these 5 failure modes. 
 
 
 
 
65 
 
Table 14: FMECA with critical failure 
 
As mentioned earlier, in order to improve granularity, flexibility and accuracy of the results for impact 
assessment the FMECAs could have been performed on each individual sub-function and the CDF could 
have been developed for each of these sub-functions. However, for the purposes of this case study only 
those sub-functions that have the critical failures identified in table 14 associated with them will be used 
to develop the CDF. Please note that in practice all of the relevant failures and sub-functions would have 
to be considered fully, particularly if it were a repairable system (as described above).  
When integrating the CDFs of the sub-functions into the functions that the sub-functions integrate into so 
that that higher-level CDF can be calculated, it is assumed that the largest sub-functional CDF is the CDF 
of that higher level function. Alternatively, if we had developed CDF for each sub system then we could 
have developed life cycle impact assessment for each functional sub system ( ultimately each functional 
sub system has components associated with it using function structure diagram) and then it could be 
integrated to develop life cycle impact assessment for the entire system.  
5.2.7 Compute CDF 
For the purposes of this case study wear failure is the mechanism that is used to the develop CDF. 
However, it is straight-forward to adapt what is presented on this section to accommodate other 
mechanisms. In section 4.2  wear failures have already been discussed in detail. These same models will 
be used to compute the CDF for ‘Prepare S+C’. 
𝑁𝑐𝑟=𝑉𝑐𝑟/ (𝑘∗𝐹𝑛∗Δ𝑆)   (18) 
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𝑁=𝑉/ (𝑘∗𝐹𝑛∗Δ𝑆)           (19) 
CDFprepare s+c=𝑁/𝑁𝑐𝑟        (20) 
Assuming 
𝐹𝑛 = 5𝑁, 𝑘 = 2*10-8mm2/N  Δ𝑠 = 1𝑚𝑚 
𝑉𝑐𝑟 = 0.001 
𝑁𝑐𝑟 =
𝑉𝑐𝑟
∆𝑆 ∗ 𝑓𝑛 ∗ 𝑘
 
𝑁𝑐𝑟 = (1/5) ∗ 0.5 ∗ 10-8* 103 
𝑁𝑐𝑟 = 10000 
If N = 20000, then CDF = 2.  
Similarly for all of the other functions the CDFs could be calculated by developing the appropriate models. 
However, because of lack of available data CDF values have been assumed for the remainder of the sub-
functions identified above for the case study. In summary the CDF values in Figure 24 are shown in 
parentheses.  While they are shown as numerical values, the methodology outline above would result in a 
linked set of relationships that when any of the LCA and use assumptions are changed, everything would 
be automatically updated in the model.  Also, to reiterate, the CDFs for the higher level functions use the 
largest sub-function CDFs of the sub-functions that integrate into it.  
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Figure 24: CDF for Keurig 
Based on the life cycle impact of each function the life cycle impact for the entire system can be 
calculated. Since this is modular approach if any of the sub-functions (or subsystems)change then the 
changes are localized and easily integrated into the resulting model. The life cycle impacts for the changes 
and the life cycle impact for the entire system are readily calculated.  Gadre (2016) uses the outputs of this 
work to develop the full life cycle impact analysis in SimaPro using the object-oriented framework for life 
cycle assessment motivated by that research. 
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6. Conclusion and Future work 
The following section will discuss the outcomes of implementing the methodology to compute CDF in 
terms of the stated research objectives and will conclude with some thoughts on possible future work.  
Summary of Contributions 
As stated in Chapter 3, the main objective of this research was to extend the concept of CDF to functional 
analysis by linking system level parameters and use parameters.  This work was successful in 
accomplishing that in the following specific ways.  A thorough review of the literature on condition based 
maintenance, remaining useful life and prognostics and health management provided a comprehensive 
reference that can be used to develop the specific CDFs described in this work.  While wear was the main 
mechanism presented in this work, the concepts are extensible to the other methods identified in the 
literature review.  Furthermore, the ideas of CDF were extended to successfully integrate into the object-
oriented life cycle assessments framework (Gadre 2016).  Furthermore, specific rules to link system level 
parameters and use parameters and to integrate CDFs within functional decomposition framework were 
developed which can be easily updated as various user scenarios change.  In addition, methods to identify 
the life limit of the product were developed and discussed.  Lastly, the effectiveness of the proposed 
methodology was demonstrated on two product case studies, a relatively simple can-opener and a more 
complex electromechanical product, the Keurig Coffee Maker. 
A summary of the work performed in this research follows. A rigorous approach was implemented to 
establish a link between system parameters and user parameters. A method to identify the stressors acting 
on the functions and sub-functions was identified. These stressors are then used to identify models which 
can be used to compute the CDFs. FMECA was then used to help rank these models and establish the life 
limits of the sub-functions so that sub-function CDFs and ultimately the system-level CDF could be 
developed. Even though this approach may be data intensive, it is still flexible enough to compare life 
cycle impacts across different technologies.  
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This approach provides a large degree of flexibility in terms of the amount of details needed for 
developing LCA, including the possibility of including uncertainty analysis in LCA. This approach also 
provided for the ability to consider repairable systems. Another advantage provided by this framework is 
easily incorporate changes and easily allow for the reuse of model components. Finally, the suppliers of a 
particular subsystems has a framework by which to incorporate their results into the larger analysis and 
the integrated is not hampered by having to wait for the supplier in order to develop the LCA. Thus 
approaches to compute RUL within a flexible framework so that it can be easily integrated with the 
object-oriented life cycle assessment framework has been provided.  
Future Work 
As a part of future work one of the focus areas would be to integrate interaction parameter with this 
methodology. This will be helpful in implementing those functions which need some architecture based 
information for execution. 
One of the limitations for this methodology is that dependent failure modes have not been considered and 
as a part of the future work they need to be integrated  into the framework. This will provide a basis for 
considering components with multiple failure modes in the analysis. Finally, even though the current 
framework can provide a basis for uncertainty analysis in the functional decomposition a detailed 
implementation of the methodology with uncertainty analysis needs to be developed as a part of future 
work. 
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Appendix A 
1. Decomposition of primary function of coffee maker. 
Extract Soluble to 
produce Beverage
S+C
W + I
F(G/L)
Beverage(W+F+S)
C
Water temp (cold)
S+C (granular)
Beverage temp (hot)
I
Extract Soluble
S+C
W + I
S+W+C
I
Dispense 
Bevrage
S+W+C
Beverage(S+
W)
C
Communicate 
with user
Information Information
Prepare S+C
S+C
S+C
Prepare Water
W+I W
IWater 
Temp 
(cold)
Water 
Temp (Hot)
Transfer Soluble 
to Water
S+C
W
S+W+C
S+W
F(L/G)
Mix Flavor with 
S+W 
Beverage
Separate Carrier 
from S+W
S+C+ Heated 
W
S+Heated W
C Collect Beverage
Beverage
Medium
Bevrage+Medium Collect Excess 
Bevrage
Beverage
Bevrage
A B C
D E
 
2. Prepare S+C functional decomposition 
Accept S+C
S+C S+C
Prepare S+C
S+C
S+C
Locate K cupInsert K cup Constrain K cup Enclose K cup
K cup K cup
Contain S+C
S+C S+C Increase Surface 
Area
S+C
Solid (S+C) Granular (S+C)
A
A 1 A 2
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3. Insert K cup functional decomposition 
Circlip
Pin holesPin holes
Handle/cover Pins Gripper
Prevent 
horizontal pin 
movement
Enable 
rotational 
motion
Transmit hand 
force
Provide 
rotational 
degree of 
freedom
Locate K cup
Needle frame
Conical shapeConical shape
Needle frame 
support
DRM frame Bottom jaw
Pin holesPin holesPin holesPin holesPin holesPin holes
K cup
T T
Insert K cup
K cup
A 1
 
Gripper Grip holder
K cup Holder 
casing
Display coverBrew head
Support K cup
Support 
gripper
Mount holder 
assy. On 
bottom jaw
Support holder 
casing assy.
Support 
bottom jaw 
assembly
Constrain K 
cup
Enclose K cup
Mounting 
projections
ounting 
projections
Mount 
gripholder
Grip holder 
mounting slots
Grip holder 
ounting slots
A 2
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Prepare Water functional decomposition 
Accept W+I
W+I
W+I
Contain W+I
W+I W+I
W
I
Separate 
Impurities
W+I
Regulate  Water 
for Heating
W
W
Transport 
Water for 
Heating
W
W
Heat water
W       W
Water Temp 
(Cold)
Water Temp 
(Hot)
Prepare Water
W+I W
I
Water Temp 
(cold) Water Temp 
(Hot)
B 1 B 2 B 3 B 4 B 5
 
Accept W+I
W+I
W+I
Enclose Tank Provide grip
Open
Tank
Indicate level
Tank lid Tank
Grip protrusionGrip protrusion Pokayoke featuresPokayoke features RibRib Pokayoke slotsPokayoke slots
Hold W+I
Level marksLevel arks
Water level Water levelF F
Contain W+I
W+I W+I
B 1
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Dispense 
Impurities
I I
Tank
Constrain 
Filter 
element
Constrain 
Filter 
assembly
Join Filter 
Handle to 
Filter 
Support
Join Filter 
element 
to filter 
support
Join filter 
attachmen
t to Tank
Open/
Close tank 
lid
Separate 
Filter 
Handle 
from Filter 
Support
Detach 
filter 
element 
from filter 
Support
Insert new 
Filter 
element
Access old 
filter 
element
Holes for 
mounting
Holes for 
ounting
Holes for 
mounting
Holes for 
ounting
Filter 
Handle
Handle 
locking 
profile
Handle 
locking 
profile
Filter 
support
Filter 
element 
locking 
profile
Filter 
ele ent 
locking 
profile
Filter 
element
Screws
Filter 
assembly 
attachmen
t
Open/
Close tank 
lid
Separate 
Filter 
Handle 
from Filter 
Support
Hold filter 
element
Hold 
Impurities
Constrain 
impurities
I+W W
Hold filter 
assembly
New 
Filter 
element
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Filter 
element
F
F F F
Old Filter 
Element
Old Filter 
Element
B 2
 
Regulate  Water for 
Heating
W
W
Control flow
Monitor water level in 
the heater
Indicate Transmit signal Initiate/stop
Valve PCBLevel probes WireTank
Valve mounting 
protrusion
Valve ounting 
protrusion
Enable flow 
feature(hole)
Enable flow 
feature(hole)
Constrain valve
Water level Water level
B 3
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Transport 
Water for 
Heating
W
W
Generate 
Torque
Constrain 
Pump and 
Motor
Supply 
Electricity
Convert 
Electricity 
energy to 
mechanical 
energy
Transmit 
torque to 
water
Circulate/
Push/Displace 
water
W
W
Transmit 
electrical signal
Turn motor 
on/off
Transmit 
power
Connect to 
power source
Wire PCB Power cable Plug pin
Water Pump 
motor
Water Pump
Join Pump and 
motor 
assembly to 
base
Support the 
assembly
Machine base
Holes for 
screws
Holes for 
screws Support stubs
Support stubs
Screws Water Pipe
Conduct Water
WW
I x V T
I x V
I x V
I x V T
T
W
W
B 4
 
Generate Heat
I x V Th E
Heat water
W       W
Water Temp (Cold) Water Temp (Hot)
Transfer Heat to 
Water
Th E
W
W
Excess Th E
Water Temp (Hot)
Regulate Heat
Water Temp Water Temp
B 5
B 5.1 B 5.2 B 5.3
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Generate Heat
I x V Th E
Supply Electricity Mount Coil Constrain Coil
Convert electricity 
to heat
PCB Plug Pin Power Cable Heater CoilDisc
Base Heater holesBase Heater holes
I x V I x V I x V Th E
B 5.1
 
Monitor Heat Adjust Heat
Transmit Signal
Bottom heater container
Sensor insertion 
hole
Sensor insertion 
hole
Sensor Clip Temp Sensor PCB
Mount Sensor Constrain Sensor Sense Temp
Wire
Water Temp Water Temp
Water Temp
Regulate HeatWater Temp Water Temp
B 5.2
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Dispense Excess 
Heat
Excess Th E       Excess Th E
Bottom heater container
Contain Water For 
Heating
Retain Heat
Hold Water
Mount Base heater 
bowl
Mounting holesounting holes
`
Enclose Hot Water
Join top heater 
cover to bottom 
heater bowl
Base Top Heater Cover
Joining holesJoining holes
Screws Nuts Exhaust Pipe
Pipe connection 
protrusion
Pipe connection 
protrusion
W W Th E Th E
Transfer Heat to 
Water
Th E
W
W
Excess Th E
Water Temp (Hot)
B 5.3
 
Transfer soluble to water functional decomposition 
Transfer Soluble to 
Water
S+C
W
S+W+C
Combine S+C & 
Heated water
S+C
 W
     S+C+ WTransport hot water 
for extraction
 W
W
Pressurize Heated 
water
W W
Pressure(low) Pressure(High)
Top needle
Pipe connection 
protrusion
Pipe connection 
protrusion Top needle hole
Top needle hole
Top Heater Cover Water Pipe
Pierce k cup lid support top needle Mount needle frame
Top needle Top needleframe
Needle frame 
support
Accept heated water
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C
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Generate 
Pressure
Air
Pressurize 
Heated water
W W
Pressure(
low)
Pressure(
High)
Force 
Pressurized 
air onto 
water
Air
W
Air +W
Constrain Pump 
and Motor
Supply Electricity
Convert Electricity 
energy to 
mechanical 
energy
Pressurize air
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PCB Power cable Plug pin Air Pump motor Air pump
Join Pump and 
motor assembly to 
main frame
Support the 
assembly
Main frame
Holes for screwsHoles for screws
Screws
Air  Air
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Pressure (Low)
Pressure 
(High)
TGenerate Torque
I x V T
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Separate Carrier from S+W function 
Guide S+W
S+W
S+W
Dispense Carrier
C
C
K cup 
Pierce K cup bottom
Provide passage for 
S+W
Constrain piercing 
needle
Bottom piercing 
needle
Bottom needle 
casing
Support needle
Mount needle 
casing
Mounting stub for 
needle
ounting stub for 
needle
K cup holder casingRubber bush Dispenser guide
Hole for dispensingHole for dispensing
Open /Close system Remove k cup
Brew head
Hole for dispensingHole for dispensing
Separate Carrier 
from S+W
S+C+ Heated W S+Heated W
C
Contain Carrier
S+W+C S+W
C
D
 
Collect Excess Beverage functional decomposition 
Collect Excess 
Bevrage
Beverage
Bevrage
Guide Drip Contain drip Enclose drip
Drip tray coverDrip tray
Hole on the drip tray 
cover
Hole on the drip tray 
cover
Attach drip tray
Front panel
E
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Appendix B 
A. FMECA for the ‘Prepare S+C’ Sub-Function 
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Higher 
Level 
End     
  Circlip 1 
Prevent 
horizontal 
pin 
movement 
Horizontal 
Pin 
Movement 
Wear out 
of Circlip 
Horizontal 
movemen
t of pin 
affecting 
inserting K 
cup 
Difficulty 
in 
accepting 
S+C 
System 
Failure 
1 A 
  Circlip 2   
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Pin 
Movement 
Broken 
Circlip 
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movemen
t of pin 
affecting 
inserting K 
cup 
Difficulty 
in 
accepting 
S+C 
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Perfor
mance 
2 D 
  
Needle 
Frame 
Support 
Pin 
Holes 
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Enable 
rotational 
motion 
No 
Rotational 
Motion 
Misalignm
ent of pin 
holes on 
Needle 
Frame 
Support 
Hard 
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motion 
Difficulty 
in 
accepting 
S+C 
Minor 
Effect 
on 
main 
functio
n 
3 D 
  
DRM 
Frame 
Pin 
Holes 
4   
No 
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Motion 
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ent of pin 
holes on 
DRM 
Frame  
Hard 
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motion 
Difficulty 
in 
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S+C 
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Effect 
on 
main 
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n 
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Bottom 
Jaw Pin 
Holes 
5   
No 
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Motion 
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ent of pin 
holes 
Bottom 
Jaw 
Hard 
rotational 
motion 
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in 
accepting 
S+C 
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Effect 
on 
main 
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n 
3 D 
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P
re
p
ar
e 
S+
C
 Needle 
Frame 
Pin 
Holes 
6   
No 
Rotational 
Motion 
Misalignm
ent of pin 
holes on 
Needle 
Frame  
Hard 
rotational 
motion 
Difficulty 
in 
accepting 
S+C 
Minor 
Effect 
on 
main 
functio
n 
3 D 
  Handle 7 
Transmit 
hand force 
No Force 
being 
transmitted 
Damaged 
Handle 
Difficulty 
in 
transmitti
ng force 
Difficulty 
in 
accepting 
S+C 
Minor 
Effect 
on 
main 
functio
n 
2 D 
  Handle  8   
No Force 
being 
transmitted 
Mislignme
nt of 
Handle 
Difficulty 
in 
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ng force 
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in 
accepting 
S+C 
Minor 
Effect 
on 
main 
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n 
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  Handle 9   
No Force 
being 
transmitted 
Worn out 
mountings 
Difficulty 
in 
transmitti
ng force 
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in 
accepting 
S+C 
Minor 
Effect 
on 
main 
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n 
2 A 
  Pins 10 
Provide 
rotational 
degree of 
freedom 
No 
Rotational 
Motion 
Worn out 
pin 
Degraded 
rotational 
motion 
Difficulty 
in 
accepting 
S+C 
Minor 
Effect 
on 
main 
functio
n 
2 A 
  Pins 11   
No 
Rotational 
Motion 
Damaged/
Broken 
Pin 
No 
Rotational 
Motion 
Cannot 
accept 
S+C 
Disable
d 
System 
2 D 
  
Conical 
Shape 
of 
Gripper 
12 Locate K cup 
Cannot 
locate K cup 
Damaged 
Gripper 
Shape/mo
untings 
Difficulty 
in locating 
K Cup 
Difficulty 
in 
accepting 
S+C 
Minor 
Effect 
on 
main 
functio
n 
3 D 
  
Conical 
Shape 
of 
Gripper 
13   
Cannot 
locate K cup 
Worn out 
gripper 
Difficulty 
in locating 
K Cup 
Difficulty 
in 
accepting 
S+C 
Minor 
Effect 
on 
main 
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n 
3 D 
  Gripper 14 
Support K 
cup 
Cannot 
Support K 
Damaged 
Gripper 
Cannot 
Support K 
Cannot 
constrain 
Disable
d 
1 D 
85 
 
Cup Cup S+C System 
  
Grip 
Holder 
15 
Support 
gripper 
Cannot 
support 
gripper 
Broken 
Grip 
Holder 
Cannot 
support 
gripper 
Degrade
d 
performa
nce 
Degrad
ed 
Perfor
mance 
3 D 
  
Mounti
ng 
projecti
on on 
grip 
holder 
16 
Mount grip 
holder 
Cannot 
Mount Grip 
Holder 
Worn out 
mountings 
Degraded 
constraini
ng 
Degrade
d 
performa
nce 
Degrad
ed 
Perfor
mance 
3 D 
P
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p
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e
 S
+C
 
Grip  
holder 
mountin
g slots 
on k cup 
holder 
casing 
17   
Cannot 
Mount Grip 
Holder 
Broken 
Mounting
s 
Cannot 
Mount 
Grip 
Holder 
Cannot 
constrain 
K cup 
Degrad
ed 
Perfor
mance 
3 D 
    18   
Cannot 
Mount Grip 
Holder 
Broken 
Mounting
s 
Cannot 
Mount 
Grip 
Holder 
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constrain 
K cup 
Degrad
ed 
Perfor
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K cup 
holder 
casing 
19 
Mount 
holder assy 
on jaw 
Cannot 
Mount 
Holder Assy 
on Jaw 
Worn out 
mountings 
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mounting 
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d 
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ed 
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3 D 
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holder 
casing 
20   
Cannot 
Mount 
Holder Assy 
on Jaw 
Broken 
casing 
Cannot 
Mount 
Holder 
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Cannot 
constrain 
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Degrad
ed 
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Jaw 
21 
Support 
holder casing 
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Support 
holder 
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jaw 
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Jaw 
22   
Cannot 
Support 
holder 
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Deformed 
bottom 
jaw  
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g 
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d 
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mance 
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Head 
23 
Support 
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24   
Cannot 
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Misalignm
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d 
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Perfor
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Cannot 
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Bottom Jaw 
Damaged 
bottom 
jaw 
Cannot 
Support 
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Jaw 
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constrain 
K cup 
Disable
d 
System 
1 D 
  
Display 
Cover 
26 Enclose K cup 
Cannot 
Enclose K 
cup 
Broken 
Display 
Cover 
Cannot 
Enclose K 
cup 
Cannot 
constrain 
K cup 
Disable
d 
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1 D 
  
Display 
Cover 
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Cannot 
Enclose K 
cup 
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of pin 
holes 
Difficulty 
in 
enclosing 
K cup 
Degrade
d 
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2 A 
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Cover 
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Cannot 
Enclose K 
cup 
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in 
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K cup 
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d 
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B. FMECA for prepare water  
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Tank Lid 29 
Enclose 
Tank 
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Enclose 
tank 
Broken 
Tank Lid 
Partially 
enclose 
tank 
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performance 
No Effect on 
main 
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3 B 
Tank Lid 30   
Cannot 
Enclose 
tank 
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Out 
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grip 
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Grip 
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Grip 
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System 
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Section C: FMECA for separate W+I 
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handle 
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constrain 
filter 
element 
No 
effect 
on 
system 
3 D 
  42   
Cannot 
join filter 
handle 
Worn out 
profile 
Difficulty 
joining 
filter 
handle 
Difficulty 
in 
constraini
ng  
No 
effect 
on 
system 
3 D 
Filter 
Support 
43 
Hold Filter 
element 
Cannot 
Hold Filter 
Element 
Filter 
Support 
worn out 
Difficulty 
joining 
filter 
element 
Difficulty 
in 
constraini
ng  
No 
effect 
on 
system 
3 D 
  44   
Cannot 
Hold Filter 
Element 
Filter 
Support 
damaged 
Cannot 
join filter 
element 
Cannot 
constrain 
filter 
element 
No 
effect 
on 
system 
3 D 
Filter 
elemnt 
locking 
profile 
on filter 
support 
45 
Join filter 
element to 
filter support 
Cannot 
Join filter 
element to 
support 
Filter 
Support 
profile 
worn out 
Cannot 
Join filter 
element 
to support 
Cannot 
constrain 
impurities 
No 
effect 
on 
system 
3 D 
Filter 
Element 
46 
Hold 
Impurities 
Cannnot 
Hold 
Impurities 
Filter 
element 
damaged 
Cannnot 
Hold 
Impurities 
Cannot 
constrain 
impurities 
No 
effect 
on 
system 
3 D 
  47   
Cannnot 
Hold 
Impurities 
Filter 
element 
clogged 
Cannnot 
Hold 
Impurities 
Cannot 
constrain 
impurities 
No 
effect 
on 
system 
3 D 
Screws 48 
Join filter 
attachment 
to tank 
Cannot 
join filter 
attachmen
Worn out 
screws 
Difficulty 
in joining 
filter 
Degraded 
performan
ce 
No 
effect 
on 
3 D 
89 
 
t to tank attachmen
t to tank 
system 
  49   
Cannot 
join filter 
attachmen
t to tank 
Damaged 
screws 
Cannot 
join filter 
attachmen
t to tank 
Cannot 
Constrain 
filter 
assembly 
No 
effect 
on 
system 
3 D 
  50   
Cannot 
join filter 
attachmen
t to tank 
Deforme
d screw 
Cannot 
join filter 
attachmen
t to tank 
Cannot 
Constrain 
filter 
assembly 
No 
effect 
on 
system 
3 D 
Holes for 
mountin
g on 
tank 
51   
Cannot 
join filter 
attachmen
t to tank 
Deforme
d holes 
on water 
tank 
Difficulty 
in joining 
filter 
attachmen
t to tank 
Degraded 
performan
ce 
No 
effect 
on 
system 
3 D 
Holes on 
filter 
assembl
y 
attachm
ent 
52   
Cannot 
join filter 
attachmen
t to tank 
Deforme
d holes 
on filter 
assembly 
attachme
nt 
Difficulty 
in joining 
filter 
attachmen
t to tank 
Degraded 
performan
ce 
No 
effect 
on 
system 
3 D 
Filter 
assembl
y 
attacgm
ent 
53 
Hold filter 
assembly 
Cannot 
hold filter 
assembly 
Damaged 
filter assy 
attachme
nt 
Cannot 
hold filter 
assembly 
Degraded 
performan
ce 
No 
effect 
on 
system 
3 D 
  54   
Cannot 
hold filter 
assembly 
Worn out 
filter assy 
attachme
nt 
Degraded 
performan
ce 
Degraded 
performan
ce 
No 
effect 
on 
system 
3 D 
PokaYok
e featurs 
on tank 
lid 
55 Open Tank 
Cannot 
Open tank 
Damaged 
Pokayoke 
features 
on tank 
lid 
Difficulty 
in opening 
tank 
Degraded 
performan
ce 
No 
Effect 
on main 
function 
3 A 
  56   
Cannot 
Open tank 
Worn out 
Pokayoke 
features 
on tank 
lid 
Difficulty 
in opening 
tank 
Degraded 
performan
ce 
No 
Effect 
on main 
function 
3 A 
Rib on 
tank lid 
57   
Cannot 
Open tank 
Damaged 
Rib on 
tank lid 
Difficulty 
in opening 
tank 
Degraded 
performan
ce 
No 
Effect 
on main 
function 
3 D 
  58   
Cannot 
Open tank 
Worn out 
rib on 
tank lid 
Difficulty 
in opening 
tank 
Degraded 
performan
ce 
No 
Effect 
on main 
3 A 
90 
 
function 
Pokayok
e slots 
on tank 
59   
Cannot 
Open tank 
Pokayoke 
slots on 
tank 
damaged 
Difficulty 
in opening 
tank 
Degraded 
performan
ce 
No 
Effect 
on main 
function 
3 A 
  60   
Cannot 
Open tank 
Pokayoke 
slots on 
tank 
worn 
Difficulty 
in opening 
tank 
Degraded 
performan
ce 
No 
Effect 
on main 
function 
3 A 
  61 
Separate 
filter handle 
from filter 
support 
          3   
PokaYok
e featurs 
on tank 
lid 
62 Open Tank 
Cannot 
Open tank 
Damaged 
Pokayoke 
features 
on tank 
lid 
Difficulty 
in opening 
tank 
Degraded 
performan
ce 
No 
Effect 
on main 
function 
3 A 
  63   
Cannot 
Open tank 
Worn out 
Pokayoke 
features 
on tank 
lid 
Difficulty 
in opening 
tank 
Degraded 
performan
ce 
No 
Effect 
on main 
function 
3 A 
Rib on 
tank lid 
64   
Cannot 
Open tank 
Damaged 
Rib on 
tank lid 
Difficulty 
in opening 
tank 
Degraded 
performan
ce 
No 
Effect 
on main 
function 
3 A 
  65   
Cannot 
Open tank 
Worn out 
rib on 
tank lid 
Difficulty 
in opening 
tank 
Degraded 
performan
ce 
No 
Effect 
on main 
function 
3 A 
Pokayok
e slots 
on tank 
66   
Cannot 
Open tank 
Pokayoke 
slots on 
tank 
damaged 
Difficulty 
in opening 
tank 
Degraded 
performan
ce 
No 
Effect 
on main 
function 
3 A 
  67   
Cannot 
Open tank 
Pokayoke 
slots on 
tank 
worn 
Difficulty 
in opening 
tank 
Degraded 
performan
ce 
No 
Effect 
on main 
function 
3 A 
  68 
Separate 
filter handle 
from filter 
support 
              
  69 
Detach filter 
element 
              
91 
 
from filter 
support 
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Section D: FMECA for Regulate water for heating and Transport water 
Su
b
 S
ys
te
m
 
C
o
m
p
o
n
en
t 
Id
en
ti
fi
ca
ti
o
n
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u
m
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er
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n
 
Fa
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 M
o
d
e 
Fa
ilu
re
 C
au
se
 
Fa
ilu
re
 E
ff
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ts
 
    
Se
ve
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P
ro
b
ab
ili
ty
 o
f 
O
cc
u
rr
en
ce
 
R
e
gu
la
te
 W
at
e
r 
Fo
r 
H
e
at
in
g 
^ 
Valve 
mounting 
projection 
on tank 
70 
Constrain 
Valve 
Cannot 
Constrain 
Valve 
Valve mounting 
protrusion on 
tank 
wornout/damage
d 
Cannot 
Constrain 
Valve 
Cannot 
regulat
e water 
for 
heating 
Disabled 
System 
1 D 
Hole on 
tank 
71 
Control 
flow 
Cannot 
control 
flow 
Hole on tank 
blocked 
Cannot 
control 
flow 
Cannot 
regulat
e water 
for 
heating 
Disabled 
System 
1 D 
  72   
Cannot 
control 
flow 
Damaged valve 
Cannot 
control 
flow 
Cannot 
regulat
e water 
for 
heating 
Disabled 
System 
1 D 
Level 
Probes 
73 Indicate 
Fail to 
indicate 
Failed Probes 
Cannot 
indicate 
Cannot 
monito
r water 
level 
Disabled 
System 
1 D 
  74   
Fail to 
indicate 
Misplaced probes 
Wrong 
indicatio
n 
Cannot 
monito
r water 
level 
Disabled 
System 
1 D 
Wire 75 
Transmit 
signal 
Failure to 
transmit 
signal 
Short Wire 
Failure to 
transmit 
signal 
Cannot 
monito
r water 
level 
Disabled 
System 
1 B 
  76   
Failure to 
transmit 
signal 
Short Leads 
Failure to 
transmit 
signal 
Cannot 
monito
r water 
level 
Disabled 
System 
1 B 
PCB 77 
Initiate/S
top 
Failure to 
start/sto
p 
Failure of PCB 
Failure to 
start/sto
p 
Cannot 
monito
r water 
level 
Disabled 
System 
1 D 
G
en
er
at
e
 
To
rq
u
e^
 
Wire 78 
Transmit 
electrical 
signal 
Failure to 
trasmit 
electrical 
Short Wire 
Failure to 
trasmit 
electrical 
Cannot 
supply 
electric
Disabled 
System 
1 B 
93 
 
signal signal ity 
  79   
Failure to 
trasmit 
electrical 
signal 
Damaged wire 
leads 
Failure to 
trasmit 
electrical 
signal 
Cannot 
supply 
electric
ity 
Disabled 
System 
1 B 
PCB 80 
Turn 
motor 
On/Off 
Failure to 
transmit 
signal 
Failure of PCB 
Failure to 
transmit 
signal 
Cannot 
supply 
electric
ity 
Disabled 
System 
1 D 
Power 
Cable 
81 
Tranmit 
power 
Failure to 
transmit 
power 
Short Wire 
Failure to 
transmit 
power 
Cannot 
supply 
electric
ity 
Disabled 
System 
1 B 
  82   
Failure to 
transmit 
power 
Short leads 
Failure to 
transmit 
power 
Cannot 
supply 
electric
ity 
Disabled 
System 
1 B 
Plug 83 
Connect 
to Power 
source 
Failure to 
transmit 
power 
Damaged Plug 
Failure to 
transmit 
power 
Cannot 
supply 
electric
ity 
Disabled 
System 
1 B 
  84 
Convert 
Electricit
y to 
Mechani
cal 
Energy 
Failure to 
convert 
Damaged Motor 
Failure to 
convert 
to 
mechanic
al energy 
Failure 
to 
produc
e 
torque 
Disabled 
System 
1 D 
Tr
an
sm
it
 
To
rq
u
e
^ 
Pump 85 
Transmit 
torque to 
water 
Failure to 
produce 
torque 
Pump Failure 
Failure to 
produce 
torque 
Failure 
to 
circulat
e water 
Disabled 
System 
1 D 
C
o
n
st
ra
in
^ 
Screws 86 
Join 
pump 
and 
motor 
assy to 
base 
Failure 
join 
pump 
and 
motor 
assy 
Worn out screws 
Failure 
join 
pump 
and 
motor 
assy 
Difficul
ty in 
joining 
pump 
and 
motor 
System 
failure 
1 A 
  87   
Failure 
join 
pump 
and 
motor 
assy 
failure of screws 
Failure 
join 
pump 
and 
motor 
assy 
Difficul
ty in 
joining 
pump 
and 
motor 
No 
affect 
on 
system 
1 D 
Holes on 
machine 
base 
88   
Failure 
join 
pump 
Damaged holes 
on base 
Failure 
join 
pump 
Difficul
ty in 
joining 
Disabled 
System 
1 D 
94 
 
and 
motor 
assy 
and 
motor 
assy 
pump 
and 
motor 
Support 
stubs on 
machine 
base 
89 
Support 
Assy 
Failure to 
support 
Damaged stubs 
on base 
Failure to 
support 
Difficul
ty in 
joining 
pump 
and 
motor 
Disabled 
System 
1 D 
 
Section E: FMECA for Heat water  
Su
b
 S
ys
te
m
 
C
o
m
p
o
n
e
n
t 
Id
e
n
ti
fi
ca
ti
o
n
 
 N
u
m
b
er
 
Fu
n
ct
io
n
 
Fa
ilu
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 M
o
d
e
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 C
au
se
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Se
ve
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ty
 
P
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ab
ili
ty
 o
f 
O
cc
u
rr
e
n
ce
 
C
o
n
d
u
ct
 W
at
e
r 
Pipe 90 
Conduct 
Water 
Failure 
to 
Conduct 
water 
Blocked pipes 
Failure to 
Conduct water 
Low 
supply 
of 
water 
for 
heating 
Disable
d 
System 
2 A 
  91   
Failure 
to 
Conduct 
water 
Loose 
connections 
Failure to 
Conduct water 
Low 
supply 
of 
water 
for 
heating 
Degrad
ed 
Perform
ance 
2 D 
  92   
Failure 
to 
Conduct 
water 
Damaged pipes 
Failure to 
Conduct water 
No 
supply 
of 
water 
for 
heating 
Degrad
ed 
Perform
ance 
1 B 
G
en
er
at
e
 H
ea
t^
 
Wir
e 
93 
Transmi
t 
electrica
l signal 
Failure 
to 
trasmit 
electrica
l signal 
Short Wire 
Failure to trasmit 
electrical signal 
Cannot 
supply 
electric
ity 
Disable
d 
System 
1 B 
  94   
Failure 
to 
trasmit 
electrica
Damaged wire 
leads 
Failure to trasmit 
electrical signal 
Cannot 
supply 
electric
ity 
Disable
d 
System 
1 B 
95 
 
l signal 
PCB 95 
Turn 
motor 
On/Off 
Failure 
to 
transmit 
signal 
Failure of PCB 
Failure to 
transmit signal 
Cannot 
supply 
electric
ity 
Disable
d 
System 
1 D 
Pwe
r 
Cabl
e 
96 
Tranmit 
power 
Failure 
to 
transmit 
power 
Short Wire 
Failure to 
transmit power 
Cannot 
supply 
electric
ity 
Disable
d 
System 
1 B 
  97   
Failure 
to 
transmit 
power 
Short leads 
Failure to 
transmit power 
Cannot 
supply 
electric
ity 
Disable
d 
System 
1 B 
Plug 98 
Connect 
to 
Power 
source 
Failure 
to 
transmit 
power 
Damaged Plug 
Failure to 
transmit power 
Cannot 
supply 
electric
ity 
Disable
d 
System 
1 B 
Base 
heat
er 
hole
s on 
bott
om 
heat
er 
cont
aine
r 
99 
Mount 
Coil 
Failure 
to 
mount 
coil 
Damage to the 
holes on bottom 
heater 
Failure to mount 
coil 
Failure 
to 
generat
e heat 
Disable
d 
System 
2 D 
Disc 
10
0 
Constrai
n coil 
Failure 
to 
constrai
n coil 
Damage disc 
Failure to 
constrain coil 
Failure 
to 
generat
e heat 
Degrad
ed 
Perform
ance 
2 D 
Coil 
10
1 
Convert 
Electrici
ty to 
Heat 
Failure 
to 
convert 
electricit
y into 
heat 
Failure of coil 
Failure to convert 
electricity into 
heat 
Failure 
to 
generat
e heat 
Disable
d 
System 
1 B 
R
e
gu
la
te
 H
ea
t^
 Sens
or 
inse
rtio
n 
hole 
on 
10
2 
Mount 
Sensor 
Failure 
to 
mount 
sensor 
Damage of holes 
on base heater 
container 
Failure to mount 
sensor 
Failure 
to 
monito
r heat 
Disable
d 
System 
1 D 
96 
 
bott
om 
heat
er 
cont
aine
r 
Sens
or 
clip 
10
3 
Constrai
n Sensor 
Failure 
to 
constrai
n sensor 
Damage to 
sensor clip 
Failure to 
constrain sensor 
Improp
er 
monito
ring 
heat 
Degrad
ed 
Perform
ance 
1 D 
Sens
or 
10
4 
Sense 
Temp 
Failure 
to sense 
temp 
Damage to 
sensor 
Failure to sense 
temp 
Failure 
to 
monito
r heat 
Degrad
ed 
Perform
ance 
1 D 
Wir
e 
10
5 
Transmi
t signal 
Failure 
to 
transmit 
signal 
Short Wire 
Failure to 
transmit signal 
Cannot 
monito
r water 
level 
Disable
d 
System 
1 B 
  
10
6 
  
Failure 
to 
transmit 
signal 
Short Leads 
Failure to 
transmit signal 
Cannot 
monito
r water 
level 
Disable
d 
System 
1 B 
PCB 
10
7 
Adjust 
Heat 
Failure 
to adjust 
heat 
Failure of PCB 
Failure to adjust 
heat 
Cannot 
regulat
e heat 
Disable
d 
System 
1 D 
Tr
an
sf
er
 H
e
at
 T
o
 W
at
er
 
Bott
om 
heat
er 
cont
aine
r 
10
8 
Hold 
Water 
Failure 
to hold 
water 
Leakage of 
bottom heater 
container 
Failure to hold 
water 
Cannot 
contin 
water 
for 
heating 
Degrad
ed 
Perform
ance 
2 C 
Base 
10
9 
Mount 
Base 
Heater 
Bowl 
Failure 
to 
mount 
heater 
bowl 
Damage to base 
Failure to mount 
heater bowl 
Cannot 
contin 
water 
for 
heating 
Disable
d 
System 
2 D 
Mou
ntin
g 
hole
s on 
bott
om  
heat
11
0 
  
Failure 
to 
mount 
heater 
bowl 
Damage to holes 
on base heater 
Failure to mount 
heater bowl 
Cannot 
contin 
water 
for 
heating 
Disable
d 
System 
1 D 
97 
 
er 
cont
aine
r 
Top 
heat
er 
cove
r 
11
1 
Enclose 
Hot 
Water 
Failure 
to 
enclose 
hot 
water 
Broken heater 
cover 
Failure to enclose 
hot water 
Cannot 
retain 
heat 
Degrad
ed 
Perform
ance 
2 D 
Scre
ws 
11
2 
Join top 
heater 
cover to 
bottom 
Failure 
to top 
heater 
cover to 
bottom 
Damage to 
screws 
Failure to top 
heater cover to 
bottom 
Cannot 
retain 
heat 
Degrad
ed 
Perform
ance 
2 D 
Hole
s on 
top 
heat
er 
cove
r 
11
3 
  
Failure 
to top 
heater 
cover to 
bottom 
Damage to holes 
on top heater 
cover 
Failure to top 
heater cover to 
bottom 
Cannot 
retain 
heat 
Degrad
ed 
Perform
ance 
2 D 
Exh
aust 
pipe 
11
4 
Dispens
e Excess 
Heat 
Failure 
to 
dispense 
excess 
heat 
Damage to 
exhaust pipe 
Failure to 
dispense excess 
heat 
Cannot 
dispens
e 
excess 
heat 
Degrad
ed 
Perform
ance 
1 B 
  
11
5 
  
Failure 
to 
dispense 
excess 
heat 
Blockage of 
exhaust pipe 
Failure to 
dispense excess 
heat 
Cannot 
dispens
e 
excess 
heat 
No 
Effect 
on main 
function 
2 C 
  
11
6 
  
Failure 
to 
dispense 
excess 
heat 
Damage to 
protrusion on 
top heater cover 
Failure to 
dispense excess 
heat 
Cannot 
dispens
e 
excess 
heat 
Degrad
ed 
Perform
ance 
2 D 
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Section G: FMECA for Transport hot water for extraction and Combine S+C 
Su
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o
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Pipe 117 
Transport 
Hot Water 
for extraction 
Failure to 
transport 
hot 
water 
Damage 
to pipe 
Failure to 
transport 
hot 
water 
Cannot 
transpor
t water 
Degra
ded 
Perfor
manc
e 
1 B 
  118   
Failure to 
transport 
hot 
water 
Blockage 
of pipe 
Failure to 
transport 
hot 
water 
Cannot 
transpor
t water 
Disabl
ed 
Syste
m 
1 B 
  119   
Failure to 
transport 
hot 
water 
Damage 
to 
protrusion 
on top 
heater 
cover 
Failure to 
transport 
hot 
water 
Cannot 
transpor
t water 
Degra
ded 
Perfor
manc
e 
2 D 
Hole 
on top 
needle 
120   
Failure to 
transport 
hot 
water 
Blocked 
top 
needle 
hole 
Failure to 
transport 
hot 
water 
Cannot 
transpor
t water 
Disabl
ed 
Syste
m 
1 B 
C
o
m
b
in
e 
S+
C
 a
n
d
 H
e
at
e
d
 W
at
e
r 
Top 
needle 
121 
Pierce K cup 
lid 
Failure to 
pierce k 
cup 
Worn out 
top 
needle 
Failure to 
pierce k 
cup 
Failure 
to 
accept 
heated 
water 
Syste
m 
failure 
1 A 
  122   
Failure to 
pierce k 
cup 
Damage 
to top 
needle 
Failure to 
pierce k 
cup 
Failure 
to 
accept 
heated 
water 
Disabl
ed 
Syste
m 
1 C 
Top 
needle 
frame 
123 
Support Top 
Needle 
Failure to 
support 
top 
needle 
Damaged 
top 
needle 
frame 
Failure to 
support 
top 
needle 
Failure 
to 
accept 
heated 
water 
Degra
ded 
Perfor
manc
e 
1 B 
  124   
Failure to 
support 
top 
needle 
Damaged 
holder 
slots on 
needle 
frame 
Failure to 
support 
top 
needle 
Failure 
to 
accept 
heated 
water 
Degra
ded 
Perfor
manc
e 
1 D 
99 
 
Needl
e 
Frame 
Suppo
rt 
125 
Mount 
needle frame 
Failure to 
mount 
needle 
frame 
Damaged 
frame 
needle 
support 
Failure to 
mount 
needle 
frame 
Failure 
to 
accept 
heated 
water 
Disabl
ed 
Syste
m 
1 D 
  126 
Contain 
W+S+C 
Failure to 
contain 
W+S+C 
Damaged 
K cup 
Failure to 
contain 
W+S+C 
Failure 
to 
combin
e S+C & 
heated 
water 
No 
Effect 
on 
main 
functi
on 
1 B 
 
Section H: FMECA for Pressurize air, Dispense beverage and Separate Carrier 
Su
b
 S
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te
m
 
C
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 C
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en
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e
 T
o
rq
u
e
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Wir
e 
127 
Transmit 
electrical 
signal 
Failure 
to 
transmit 
electrica
l signal 
Short Wire 
Failure to 
trasmit 
electrical 
signal 
Cannot 
supply 
electrici
ty 
Disabl
ed 
Syste
m 
1 B 
  128   
Failure 
to 
trasmit 
electrica
l signal 
Damaged 
wire leads 
Failure to 
trasmit 
electrical 
signal 
Cannot 
supply 
electrici
ty 
Disabl
ed 
Syste
m 
1 B 
PCB 129 
Turn 
motor 
On/Off 
Failure 
to 
transmit 
signal 
Failure of 
PCB 
Failure to 
transmit 
signal 
Cannot 
supply 
electrici
ty 
Disabl
ed 
Syste
m 
1 D 
Pow
er 
Cabl
e 
130 
Tranmit 
power 
Failure 
to 
transmit 
power 
Short Wire 
Failure to 
transmit 
power 
Cannot 
supply 
electrici
ty 
Disabl
ed 
Syste
m 
1 B 
  131   
Failure 
to 
transmit 
power 
Short leads 
Failure to 
transmit 
power 
Cannot 
supply 
electrici
ty 
Disabl
ed 
Syste
m 
1 B 
Plug 132 
Connect 
to Power 
source 
Failure 
to 
transmit 
power 
Damaged 
Plug 
Failure to 
transmit 
power 
Cannot 
supply 
electrici
ty 
Disabl
ed 
Syste
m 
1 B 
100 
 
Mot
or 
133 
Convert 
Electricity 
to 
Mechanic
al Energy 
Failure 
to 
convert 
Damaged 
Motor 
Failure to 
convert 
No 
Torque 
Disabl
ed 
Syste
m 
1 D 
P
re
ss
u
ri
z
e 
A
ir
^ Air 
pum
p 
134 
Pressurize 
Air 
Failure 
to 
pressuri
ze air 
Failure of air 
pump 
Failure to 
pressurize 
air 
No 
Pressur
e 
Disabl
ed 
Syste
m 
1 D 
C
o
n
st
ra
in
^ 
Scre
ws 
135 
Join pump 
and motor 
assy to 
base 
Failure 
to join 
pump 
and 
motor 
assy to 
base 
Damage of 
screws 
Failure to 
join pump 
and motor 
assy to base 
Cannot 
retain 
heat 
Syste
m 
failure 
1 A 
Hole
s for 
scre
ws 
on 
mai
n 
fram
e 
136   
Failure 
to join 
pump 
and 
motor 
assy to 
base 
Damaged 
holes on 
main frame 
Failure to 
join pump 
and motor 
assy to base 
Cannot 
retain 
heat 
Disabl
ed 
Syste
m 
1 D 
Mai
n 
fram
e 
137 
Support 
Assy 
Failure  
to 
support 
assy 
Damage to 
main frame 
Failure  to 
support assy 
Cannot 
constrai
n 
Disabl
ed 
Syste
m 
1 D 
R
e
gu
la
te
 
P
re
ss
u
re
^ 
  138 
Sense 
Pressure 
              
  139 
Report & 
Compare 
Pressure 
              
  140 
Adjust 
Pressure 
              
Tr
an
sf
er
^ 
Valv
e 
141 
Force 
Pressuriae
d air on 
Water 
Failure 
to 
pressuri
ze water 
Damage to 
the three 
way valve 
Failure to 
pressurize 
water 
Failure 
to 
pressuer
ize 
heated 
water 
Disabl
ed 
Syste
m 
1 B 
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Su
b
 S
ys
te
m
 
Com
pon
ent 
Iden
tific
atio
n 
 
Nu
mbe
r 
Function 
Failure 
Mode 
Failure 
Cause 
Failure 
Effects 
    
S
e
v
e
ri
t
y 
Prob
abilit
y of 
Occu
rrenc
e 
Se
p
ar
at
e
 C
ar
ri
e
r 
Fr
o
m
 S
+W
 
K 
cup 
142 
Constrain 
Carrier 
Failure 
to 
constain 
carrier 
Damage to K 
cup 
Failure to 
contain 
W+S+C 
Failure 
to 
combine 
S+C & 
heated 
water 
No 
Effect 
on 
main 
functi
on 
1 D 
Bott
om 
pier
cing 
nee
dle 
143 
Pierce K 
cup 
bottom 
Failure 
to 
pierce k 
cup 
bottom 
Broken 
bottom 
piercing 
needle 
Failure to 
pierce k cup 
bottom 
Failure 
to guide 
S+W 
Disabl
ed 
Syste
m 
1 C 
  144     
Worn out 
bottom 
piercing 
needle 
Failure to 
pierce k cup 
bottom 
Failure 
to guide 
S+W 
Syste
m 
failure 
1 A 
Casi
ng 
145 
Support 
Needle 
Failure 
to 
support 
needle 
Damaged 
bottom 
needle 
casing 
Failure to 
support 
needle 
Cannot 
constrai
n needle 
Degra
ded 
Perfor
manc
e 
1 B 
  146   
Failure 
to 
support 
needle 
Damaged 
supports 
Failure to 
support 
needle 
Cannot 
constrai
n needle 
Degra
ded 
Perfor
manc
e 
1 B 
Mou
ntin
g 
stub 
for 
hole 
on k 
cup 
hold
er 
casi
ng 
147 
Mount 
Needle 
Casing 
Failure 
to 
mount 
needle 
casing 
Damaged 
mounting 
stub on k 
cup holder 
casing 
Failure to 
mount 
needle 
casing 
Cannot 
constrai
n needle 
Disabl
ed 
Syste
m 
1 B 
102 
 
  148   
Failure 
to 
mount 
needle 
casing 
Damaged 
hole on k 
cup holder 
casing 
Failure to 
mount 
needle 
casing 
Cannot 
constrai
n needle 
Degra
ded 
Perfor
manc
e 
1 B 
Disp
ense
r 
Guid
e 
149 
Provide 
passage 
S+W 
Failure 
to guide 
S+W 
Worn out 
guide 
Failure to 
guide S+W 
Failure 
to guide 
S+W 
Degra
ded 
Perfor
manc
e 
3 D 
Hole 
on k 
cup 
hold
er 
casi
ng 
150   
Failure 
to guide 
S+W 
Damaged 
hole on brew 
head 
Failure to 
guide S+W 
Failure 
to guide 
S+W 
Degra
ded 
Perfor
manc
e 
3 D 
  151 
Open/Clos
e System 
              
  152 
Remove K 
cup 
              
D
is
p
en
se
 B
ev
er
ag
e 
  153 
Guide 
Drip 
Failure 
to guide 
drip 
Damged drip 
tary 
Failure to 
guide drip 
Cannot 
collect 
excess 
beverag
e 
Degra
ded 
Perfor
manc
e 
3 D 
Drip 
tray 
154 
Contain 
Drip 
Failure 
to 
contain 
drip 
Damged drip 
tary 
Failure to 
contain drip 
Cannot 
collect 
excess 
beverag
e 
Degra
ded 
Perfor
manc
e 
3 D 
Drip 
tray 
cove
r 
155 
Enclose 
Drip 
Failure 
to 
enclose 
drip 
Worn drip 
tray cover 
Failure to 
enclose drip 
Cannot 
collect 
excess 
beverag
e 
Degra
ded 
Perfor
manc
e 
3 D 
Fron
t 
pan
el 
156 
Attach 
Drip Tray 
Failure 
to 
attach 
drip tray 
Front panel 
mountings 
damaged 
Failure to 
attach drip 
tray 
Cannot 
collect 
excess 
beverag
e 
Degra
ded 
Perfor
manc
e 
3 D 
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